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THE GENERAL MAGNETIC FIELD OF THE SUN 


APPARENT VARIATION OF FIELD-STRENGTH WITH LEVEL IN 
THE SOLAR ATMOSPHERE 


By G. E. HALE, F. H. SEARES, A. VAN MAANEN, AND F. ELLERMAN 


The preliminary results of a study of the Zeeman effect due to 
the general magnetic field of the sun have been given in a previous 
paper.* With the aid of suitable polarizing apparatus, used in 
conjunction with the 75-foot spectrograph of the 150-foot tower 
telescope, four lines in the third-order spectrum of an excellent 
Michelson grating were found to show displacements corresponding 
in sign and agreeing closely in magnitude with theoretical values 
calculated for a uniformly magnetized sphere. The extreme 
minuteness of the displacements, usually less than a thousandth 
of an angstrom, led us to defer final acceptance of the provisional 
conclusions until they could be rigorously tested by additional 
measures. The present paper contains results which amply con- 
firm those previously published, and reveal a relation between the 
intensity of the sun’s general field and the character of the spectral 
lines used for its determination. The stronger lines give smaller 
values of the field-strength, and, since the intensity of a line depends 
upon the level in the solar atmosphere at which it originates, it is 
natural to interpret these differences in field-strength as a conse- 
quence of differences in level. 

In the original paper only four lines were shown to have dis- 
placements attributable to the general field of the sun. A number 
of others, mainly stronger lines known from laboratory investiga- 
tions to have large Zeeman separations, showed no corresponding 
solar displacements. Fortunately an explanation of this apparent 
contradiction was offered in the circumstance that the displaced 
lines probably originate at a low level in the solar atmosphere, while 

t Hale, Mt. Wilson Contr., No. 71; Astrophysical Journal, 38, 27, 1913. See also 
Hale, Terrestrial Magnetism, 17, 173, 1912. 
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the others correspond to higher levels where the field is too weak to 
be detected. 

Although the hypothesis that the general field decreases rapidly 
in intensity with increasing elevation has usually proved a reliable 
guide in the choice of additional lines, caution must be exercised in 
accepting this interpretation of the differences in field-strength, in- 
asmuch as the measures may perhaps be affected by systematic 
errors depending upon line-intensity. The question is one of much 
complexity, and the relevant evidence now available is presented in 
a later section. Although a final answer cannot now be given, this 
uncertainty in no wise affects the two main results of the investiga- 
tion. So far as there may be doubt, it is associated with the inter- 
pretation of the second result—the relation between field-strength 
and line-intensity—and, perhaps involved with this, is the puzzling 
circumstance that certain lines having large displacements in the 
third-order spectrum show little or no displacement in the second 
order. 

Before proceeding to a discussion of the observations, certain 
details concerning the measurement of the displacements require 
consideration. 


I. CONFIRMATION OF DISPLACEMENTS BY OTHER OBSERVERS 


The observations and measures have always been arranged so 
as to avoid vitiating influences that might arise from a knowledge 
of the observing conditions. Nevertheless we have considered it 
of the utmost importance to obtain all possible confirmation of the 
measured displacements, which are so small that it is difficult to 
obtain definite evidence of their reality. The lines are wide in 
comparison with their shifts, and when measures are first under- 
taken the accidental errors are usually so large as to mask 
completely the quantities to be observed, which even after 
much practice remain for many observers below the limit of: 
perception. Thus five members of the Observatory’s staff have 
made more or less extensive series of measures without obtain- 
ing a positive result. On the other hand an equal number of 
other members of our staff have produced evidence of the 
objectivity of the displacements and of their agreement with the 
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hypothesis that the sun behaves approximately as a magnetized 
sphere. 

Besides those whose measures were described in Mount Wilson 
Contribution, No. 71, Miss Richmond and Miss Felker of the Com- 


$80 60° 40° 20° ov 20° 40° 60° 80N 
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Fic. 1.—Measures by Miss Richmond (upper series), Miss Felker (middle series), 

and van Maanen on \5856.312. Abscissae are heliographic latitudes; ordinates are 


values of the displacements, the unit being o.cor mm. The number of settings of the 
micrometer in the middle series is twice that for the upper series. 


TABLE I 


SuMMARY OF MEASURES ON ) 5856.312 


MeEAN A 
Limits oF MEAN 
LATITUDE LATITUDE 
Richmond Felker van Maanen 
69° N-30° N....| 47°N +3.6+1.1 (24) | +1.8+0.5 (24) +5.2+0.3 (23) 
26 N-29 S.... 15S —1.2+0.8 (28) 0.00.5 (28) 0.00.4 (28) 
Zo. 8-05 (S.2-2|. 49.5 —2.4+0.7 (29) | —1.20.3 (29) | —2.70.3 (21) 


puting Division have made trial series which confirm the general 
character of the results. (These measures, which were on A 5856.312 
(Fe, 2), are illustrated in Fig. 1, and a summary is given in Table I. 
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Appended to each mean displacement in the table is its probable 
error, the unit being o.cor mm; the number of values included in 
the mean is added in parentheses. The accidental errors are large 
(Miss Richmond’s series includes half as many settings as that by 
Miss Felker) and the mean displacements are systematically smaller 
than those by van Maanen; but for the 45° regions the algebraic 
signs are all correct, and the means themselves are sufficiently in 
excess of their probable errors to make the results of significance. 


2. MEASUREMENT OF DISPLACEMENTS WITH KOCH’S REGISTERING 
MICROPHOTOMETER 


In the earlier work two forms of measuring machine were 
employed: a comparator of the ordinary type, with fixed cross- 
hair, and a parallel-plate micrometer, with which adjacent sections 
of the displaced line can be brought into alinement by inclining a 
plane-parallel strip of glass. At the outset the results of different 
observers with the ordinary micrometer were frequently in disagree- 
ment, and it was in the hope of avoiding such discrepancies that the 
parallel-plate machine was tried. ‘This has proved so satisfactory 
that all of van Maanen’s measures have been made with it. His 
results for the spectra measured by Miss Lasby with the comparator 
agree well with hers in sign, although there is a marked systematic 
difference in magnitude.* 

A promising means of avoiding systematic errors of measurement 
is offered by Koch’s registering microphotometer, which automati- 
cally records the distribution of density in the photographic image 
of a spectral line. The photograph of the line is moved at a uni- 
form rate across a narrow slit, through which light from a constant 
source falls upon the sensitive electrode of a photo-electric cell. 
The variations in electromotive force, caused by changes in the 
intensity of the transmitted light, produce horizontal displacements 
of the filament of a string electrometer connected with the other 
electrode. The image of a small section of the filament projected 
on a photographic plate, moved vertically by the same clock that 
carries the negative across the slit, traces a record of the intensity- 
curve of the line (see Fig. 2). The records may be used to deter- 


* Mt. Wilson Contr., No. 71, p. 63; Astrophysical Journal, 38, 87, 1913. 
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mine the relative positions of spectral lines, as well as the distribu- 
tion of intensities within them, and thus afford a means of measure- 
ment independent of the personal errors that affect observations 
made with a comparator. 

The instrument employed, which was kindly loaned by Pro- 
fessor R6ntgen from the collection of the University of Munich for 
use in Pasadena during Professor Koch’s visit in 1913, was not 
designed for the measurement of extremely small displacements, 
and it was doubtful whether the necessary degree of precision in 
the relative motion of the negative and the recording plate could 
be counted upon. 


X 5928.0 A5928.5 X5929.8 5930.4 


Fic. 2.—Intensity-curve registered by the Koch microphotometer used in measur- 
ing the displacements of \ 5928.013 and \5929.898 with respect to \5930.406, which 
is not displaced by the sun’s general field. The atmospheric line \5928.510 is not 
suitable as a reference line because of its low intensity. Cut is 0.72 original curve. 


Three solar lines were first studied, two of which (A 5928 .013 
and \5929.898) had been found to be subject to displacement, 
while one (A 5930.406) was not appreciably affected and thus 
furnished a reference mark to which the other lines could be 
referred.t Although the range of spectrum is only 2.4 A, Professor 
Koch was compelled to limit the ratio between the movements of 
the negative and the recording plate to 7.65, instead of using the 
more advantageous value of 46.4 applicable to very small fields. 
Curves were measured for two general-field plates representing 
direct and reverse records of each of four adjoining strips of the 

The atmospheric line \ 5928.510 would be preferable for this purpose, but its 


intensity-curve cannot be satisfactorily measured. 
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quarter-wave plate. One of these curves is reproduced in Fig. 2. 
Pairs of abscissae corresponding to ordinates increasing by one 
millimeter were measured to hundredths of a millimeter. Two 
reductions were made. In the first all the measures were used, 
averaging fifteen pairs for \ 5928, thirteen for \ 5929, and thirty- 
one for \ 5930; in the second, only the ten pairs corresponding to 
ordinates common to all three lines were employed. The means of 
the abscissae give the positions of the lines, from which the dis- 
placements in Table II were derived. 


TABLE II 


CoMPARISON OF MEASURES 


Fy 
Kocn’s REGISTERING PHOTOMETER van M EN 


LiInE | PLATE SS ee oe ees 


First Reduction | Second Reduction MICROMETER 
IN FopASCHn 3 4 os4 T’193a —2.7h —5.9K — 0.74 
193) 9-3 +8.4 + 2.6 
N5020.898. 2... 193a — 708 70 —10.3 
1930 +6.6 +7.2 + 6.2 


The differences between the two reductions indicate the uncer- 
tainty of the results obtained with the registering photometer. For 
the shorter interval (A 5929 .898) the measures are in approximate 
agreement with each other and with those of van Maanen. For 
the longer interval the inaccuracies of the driving mechanism are 
naturally reflected in the results. 

As a further test, measures were made with the Koch photometer 
on \ 6302.709 (Fe, 5), which was referred to the neighboring atmos- 
pheric line \ 6302.975. Here it was possible to use the larger mag- 
nification of 46.4, although owing to the inherent uncertainties it 
is doubtful if any greater precision was obtained. 

Twenty density-curves covering four adjacent spectra were 
registered from plate T’337a. As before, two reductions were made, 
one including all the abscissae for each curve, the other only those 
for ordinates common to the two curves. The results are 


First reduction, A=+1.9u 
Second reduction, A=+3.0 
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From the original negative van Maanen had previously found 
+2.8y. The uncertainty of the results from the Koch machine 
is rather large in this case, and the agreement with van Maanen’s 
value, though probably of real significance, is better than might 
have been expected. 

These preliminary results indicate that a specially. designed 
microphotometer should afford measures of great value, particularly 
for the study of systematic personal errors. As soon as opportunity 
permits, the instrument recently constructed in our shops will be 
used for a study of this question. 


3. THE OBSERVATIONS 


The measures considered in the present discussion depend on the 
groups of plates designed as Series IV, V, VI, VII, and VIII. The 
details, as well as the general method of observation, were the same 
as those previously described. The photographs of the third-order 
spectrum were made by Ellerman personally or else under his imme- 
diate supervision, with the 75-foot spectrograph of the 150-foot 
tower telescope, the 43-cm solar image being used throughout. 
In view of the high excellence required for successful use, plates 
have frequently been rejected without measurement; insufficient or 
excessive contrast and irregularities in density were the most com- 
mon reasons for rejection. 

The record of observations for Series IV was published in Mount 
Wilson Contribution, No. 71, the original investigation having been 
partly based upon this series. Since Series V-VIII usually include 
only two days (\ 5247, Series VII, and \ 4406 and 2 4418, Series 
VIII, were observed on three days, and \ 4421, Series VIII, on 
four days), the chronological list of plates for these series is omitted, 
the essential data being collected in Tables ITI-VIII. 

The observations given in this paper were not intended for an 
exhaustive study of the sun’s magnetic field, but rather as a means 
of checking the earlier results and of selecting lines suitable for 
investigating the position of the magnetic axis and other related 
questions. The measures have therefore been restricted to the 
regions of maximum displacement near 45°N. and S. latitude. 
Most of the lines combine the characteristics of low or moderate 
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solar level and large laboratory separation, although several show- 
ing displacements in the sun have been included whose laboratory 
separations have not yet been determined. 


TABLE III 
Lines SHowiInc Macnetic DISPLACEMENT 
ALGEBRAIC 
ROWLAND SIGN OF A Fats 
ER 
SERIES Pramas} (Opsenvcncy aaa am Vatues 
A El. | Int. Right | Wrong 
By IQ13 " a 

(5831.821 | Ni| 1 |T’255-290 | Jan. 29-Feb. 18|/—6°4 | 94] 2 3 
Visca Bee Fe | 2 | 264-290 | Jan. 31-Feb. 18/—6.6 66 8 I 
5928.013 | Fe| 2 258-290 | Jan. 30-Feb. 18/—6.5 75 18 2 
6007.540 | Ni| 1 318-333 | June 19-20 1.7 54 1 I 
“ “ “ 79 6 fo) 

6039.953 | V | 0 - * 
6079.227 | Fe| 2 ae ; % 94 .| 12 2 
V j6111.290 | Ni| 2 | 324-333 % 53 13 ° 
ae ae 6119.740 | V_| r} 318-333 3 74 9} 0° 
6129.190 | Ni| 1 a . 67 | 13 ° 
6149.458 | Fe*| 2 ‘ be ss O5a| weEzC I 
6173-553 | Fe| 5 te . 85 Ct he he 
5247.737 | Cr| 2 | 424-440 | Sept. 9-11 +7, Py aiype |i se I 
5250.0n7) | He 3 431-436 | Sept. 9-10 y 48 6 ° 
5253.633 | Fe | 2 “ ‘ i 49 5/1920 
5263.486 | Fe | 4 € g z 47 B 2 
5300.929 | Cr] 2} 430-435 fs ; 45 Wy he: 
Vee 5304.355 | Cr] o . ud 36 8 3 
Meesacuesy | Ge || & “i “f 46 4 I 
5329-329 | Cr| 3 ; ‘ Ms 42 | S8aaee 
5329-975 | Cr} o . y : 40 Solita 
5340.639 | Cr] o i. 2 : 37 8 ° 
Reyes Gree Ih (Ciel 3 H - 46 6 I 
4406.810 | V_| 2\| {463-464 | Nov. 10 {3:3} {30 3 I 
4418.499 | Ti | 1f| \479~-480 | Dec. 1, 5 +o.5/] 136 ° ° 
VIII... .)44421.733 | V | 0 | 463-480 | Nov. ro—-Dec. 5|...... 49 19 ° 
4430.785 | Fe | 3 463-480" VNOvVt0—Decinsi|sa are 23 B I 
(4438.006 | V | 0 | 463-464 | Nov. 10 +3:3 I4 4 I 


* Unidentified by Rowland. 


The twenty-six new lines for which appreciable displacements 
have been detected are listed in Table ITI, with dates of observation, 
limiting plate numbers, etc. The table also contains \5831.821; 
the general behavior of this line was indicated in Mount Wilson Con- 
tribution, No. 71, but the individual displacements are given in this 
paper for the first time. The last three columns of Table III 
show that a large majority of the algebraic signs accord with the 
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hypothesis that the displacements are caused by a general magnetic 
field. Indeed, but few of the disagreeing cases can be said to 
present contradictions, for frequently the real displacements are 
so small that a measured value may show a wrong sign without 
deviating excessively from the truth. 


TABLE IV 


Lines From Serres IV-VIII Wuica SHow No DispLacEMENT 


ROWLAND ALGEBRAIC SIGN OF A 
SERIES a i ar a eee Aero WR OS 
a El. Int. Right Wrong 

5804 .681 Fe ° 18 20 fo) 

5838.592 Fe I 19 19 ° 

IV 5848 . 342 Fe 3 15 16 I 
Se are 5892.920 Fe fete) a 9 ° 
5905 .895 Fe 4 15 18 6 

5916.475 Fe 3 25 31 3 

BOOT = QOON | oreies< arandes os 2 22 25 4 

5998 .002 Fe 2 23 26 3 

6005 .770 Fe I 31 38 4 

Wits cece 6012.450 Ni I 22 16 I 
6042.315 Fe 3 31 26 3 

6081 .665 V fo) 2I 24 I 

OTA ZETOO Miccictinn te se I 24 25 8 

6455 .820 Ca 2 33 38 2 

VALS OS ee eee 6496 .688 Fe 2 41 34 3 
6597.807 Cr I 32 44 fo) 

V8 Ds eee 5224.471 Abn ° 22 21 3 
WADH Deere 4404 .433 4m IN 10 9 ° 


All the measures discussed have been made by van Maanen with 
the parallel-plate micrometer. The results, collected for each line 
according to latitude, are given in Tables V-VIII. Those for Series 
VIII are less numerous than those for the other series, but the photo- 
graphs are generally of excellent quality, and compensate in some 
degree for the smaller number of displacements measured. The 
results for 44421 from three plates of this series (sixteen values of 
A) were, however, rejected after measurement because of discord- 
ances due probably to lack of proper density. The line is weak and 
generally difficult of measurement. The rejected values do not 
appear in Table VIII. 
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TABLE V 


DISPLACEMENTS FOR LINES OF SERIES IV 


SSS scasS00——aa>\»_<—<m—"«=Ss>G» 


Lat. | Plate A Lat. Plate A Lat. Plate A 
A 5831.82 A 5831.821—Cont. A 5831.821—Cont. 
Noise. 2700) 087 On 290a | —1.0 ||S. 60° 255a | —3. 
Wee anal| OG Wo ating One 290b 0.0 60. 2550 —4. 
Padua) Q/Aw —1.2 Sh Sia 2904 +0.7 60. 2644 —I 
(35 oe. all Le +2.0 Bite 290) +2.0 60. 264b —2. 
64. 2720 +4.0 Ga 2900 +4.3 62. 2014 —o. 
Geib ol) Ew +3.0 a 290b +3.6 62. 2615 —I1. 
60....} 2730 +4.0 2h 29040 +2.3 63. 258a —3. 
59....| 276a | -FI.0 2a 290b | (+6.9) 63. 258) —3. 
ooo), LD +1.3 7a 290a | +2.6 OS5ae 205a —4. 
58....] 272a | —o.7 vee 290b | (+4.3) 65.0 265) —I 
50 2732 +0.5 TOM 2834 —1.0 66.. 2550 —5. 
50 274a | -+1.5 DBI, 290a | +0.8 66.. 2550 —I. 
49 276a | (—4.1) 20 290b —I.0 66... 2644 —5. 
47...) 2710 | (77.8) WD 283a | —0.3 68.. 2640 —2. 
47 2720 =O) PES 2830 —I.0 rk 2550 —3. 
45 2740 +o.3 Caen e 2834 —2.0 We 2654 ae 
44 2730 Seen Oia 283a —o.2 GHAR, 2650 —2. 
A4 276@ | -+1.7 BEE 2836 —0.7 ome 255a | (—6. 
42 2710 +1.2 Ques 2610 —0.3 Wore. c 2644 +2. 
41 2724 +50 AT oe 2830 —0.3 Wate 264) —I. 
40 2730 +0.5 BP, 258a —2.0 7 Ors 2550 —2. 
40 2740 +2.6 Azan 258) 0.0 One 2644 —4. 
38 276a | +1.8 42)... 261a | (+5.3) Ope 264) +o. 
Oils oaall Cradle —I.0 44.. 261a | (+6.3) $2). 265a | (—6. 
Booval) Qe —0.7 44.. 2610 —3.0 ||S. 82. 2650 —2. 
36 273b Eons 46. 258a 250 
Bosc 4|| BG a8) 46. 258) —4.1 A 5856 .312 
35 271b —0.3 47. 2550 | +0.8 |IN. 60°. 273b +4. 
30 2750 +2.0 A Tae 264b —3.1 69.. 2744 +2. 
27 275a —2.0 ATs 265) +1.0 66.. 272a |(+10. 
26 275) + 2).0 Ah 2654 —4.0 Ole 2730 +3. 
21 288a +0.8 48.. 2830 —O.7 Ore. 2740 +4. 
21 2886 —+-1.7 49.. 2550 20 One 2724 +6. 
20 275a 2.3 ies 2 264a | (—7.3) Sia: 2740 +6. 
20 2750 5.0 Sit. 264) —1.8 50. 2730 +6. 
17 288a —3.0 Lilie 265a —3.6 Ou 2764 +4. 
17 288) 0.0 ble 265) —1.0 48.. 2724 +7 
16 275a | +1.2 ore 2830 250 AAves 2730 +6. 
16 2750 ariins! A, 2550 —3.0 Ade. 2740 Se 
14 2884 +0.7 EO. 2550 38 44.. 276a +5. 
14 288) +3.6 52. 258a —5.6 42.. 2720 +6. 
12 2750 +4.0 IOs 258) —5.9 20ne 2736 5. 
Io 275a | +1.3 SO). 2614 —1.5 Bowe 274a | +2 
IO 288a —0.3 Sue 2610 —3.1 2055 2764 +5 
Io 288) Stas iS Ons 258a 210 ks 2724 +3. 
9 2750 | (+6.3) 56.. 258) | —1.2 BOs 2730 | +6. 
Meinal| viet | es Oefie 2614 —0.3 Bom 2764 +5 
Boon oll “erate =e Ee eae 2610 “Ons 356 2720 +1 
I....| 288a | Fire Soo 265a | (+5.0) 35s 274a | +4. 
N. 1....] 288) | +1.7 |S. 50.. 265 —4.6 ||N. 30. 2750 +4 
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TABLE V—Continued 


Lat. | Plate A Lat. | Plate A Lat. | Plate A 
A 5856.312—Cont. = 25928 .013 A 5928 .o13—Cont. 

N. 26°...] 2756 | +3.6 |IN. 69°...| 276¢ | +3.6 ||S. 30°. 290a | —1.3 
21....| 288a | (—4.8) O82... 12730 +4.3 30....| 2900 —2.8 
BOs «2 |) 2750 Ros OFeo. 2700 +5.3 Sree ose. = OS 
ZONES.) 2On0 +4.3 G6je...%|/ 2720 +6.8 34. 12) 2000 Ong 
18....| 2884 | (—3.0) G25. 2780 +4.0 34... «| 2000 —5.4 
18....| 2880 +3.6 ON Bees | iho? +4.0 Bocca eee —4.8 
TOs ee| 2750 +0.7 SOmeae e720 —+-5).6 PGoocal eee —1.0 
sao eelaearel Mey At, +4.0 isos) See —+-3..6 Bon saeeose. =a 
If....] 2884a —3.3 BOmee 2730. +3.6 WX Sc, || QE, —6.6 
Exar 2000 +3.3 GOuse 32700 +5.9 Won all Ogso arin § 
TO, ce.) -2750 +2.0 Aden ee 720 +3.6 13s 5 || AOE —2)..0 
Q....| 2884 —2.3 CW AD Aes AD cou) Boule —2.3 
Q....| 2880 1-3-5 AAG. | 2700) 4-40 Webs cy al) PASH! —0.3 
5....| 2880 +1.5 TIS ool ead, +1.5 44....| 2610 —1.7 
4....| 288a +1.8 A227 20 +4.6 46....| 258a +0.3 
I 288a | +1.5 20 ln 730 +1.8 AOneas|e2550 +2.5 

Nee tec ap 288 +0.3 329....| 2700 +2.1 48....| 264¢ —2.6 

Se) 04. ....|-2000 +o.2 Mhessall QRue +2.6 48....| 2646 +0.7 
I5....| 290@ | —1.0 37....| 272@ | +1.0 48....| 2835 | (+4.0) 
18....| 2900 —I.2 Ae scal) Qe +3.6 50. eel 204a —1.7 
18... .] 2900 —3.3 Bees cl) O70 +3.5 Omer EzOqU: —2.5 
I9....| 283a | —2.6 35....| 2716 | +2.3 so....| 2836 | (+3.3) 
BE Fea 2036. —2.3 Roe ey 20, = te 52 veel 2508 SI 
BAe |" 2000 —4.3 Rey co al| Bye +4.3 EPnss oll Moe) +1.7 
24....| 2900 —2.3 20g en 2750 +1.3 BOs cool) One —2.3 
20e = = 2 1.2000 —4.1 PAE 5|| Patel) +1.8 52. 2610 0.0 
26....| 2900 —4.3 21....| 288b | (—5.6) 56....| 2830 | +2.8 
29....| 283a | (+3.6) 20....| 2756 | +0.8 Siooo nl) aces || (GEG. a) 
30... |, 2008 —5.0 thes oe. |) Petes +5.4 herbal Oell —1.5 
30....] 2900 —3.0 17....| 2886 | (—6.6) Ponce) Sou: |) 5.0) 
Bree e630 aly 4 23 LOM 2750 0.0 57....| 2616 | (+3.3) 
BAe sen 200G. —3.3 BPA 5 al) Olga 2.3 58....| 264@ Rad! 
BAW. 2. 2000 —5-.9 Dencal| Bekele || sethes 58....| 2646 —1.3 
Rij ene) PRD —6.4 12....| 288b | (—5.0) Baan ol) Oppel —2.3 
BO ee 52030 —1.3 Open 50 +1.7 enc niall Ponies —0.5 
Adee aa) 2040 —1.3 Io....| 288a —3.6 63....| 2010 —4.3 
48....| 2640 —0.7 Io....| 288b | (—8.4) 64....| 2584 | —0.3 
AS LOSe — 5.6 5.-..| 2880 +6.3 64....} 264a —4.3 
48....| 2836 | (+2.1) 5....| 2880 —4.3 64....| 2646 —2.0 
50....| 264a | (+1.8) Teas a all Cte +3.0 68....| 2616 —I.0 
SOnsee |) 2040 —1.7 ||IN. 1....] 2880 —5.0 7 OMe ZOA, —0.7 
GO ae2O5e —3.3 ||S. I5....] 2900 —2.0 Flo oo ul) ore —3.0 
iio o5|) eee —4.0 15 ee 2000. —1.7 ||S. 76....] 264a —4.3 
58....| 264a 0.0 ihe Soll Peete —1.8 
5S....| 2040 — 233 18....| 290a —4.6 
58....| 265¢ 5 18....| 290b —2.3 
64....| 264a — AO: DBT, 0.6.9) HAs —1.3 
64....| 264 —3.3 24....| 2900 —3.3 
64....| 265¢ —2.0 2A eae 2000 —3.0 
Eee 2050 —1.8 20a |2O0, —4.0 
75....| 264¢ —1.7 26....| 2900 —3.3 

Dey 5ea: | 2040 —5.9 |/S. 29....| 283@ | —0.3 
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HALE, SEARES, VAN MAANEN, AND ELLERMAN 


I2 
TABLE VI 
DISPLACEMENTS FOR LINES OF SERIES V 
Lat. | Plate A Lat. Plate A Lat Plate A 
d 6007 .540 A 6007 .540—Cont. A 6039.953—Cont. 

N. 64°. 333a | +5.0 ||S. 41° 3194 —3.0 ||N. 30°. 3240 +5 
64.. 3330 +7.6 4l. 319) —6.4 30: - 324b +1 
62.. 3320 —1.7 Ale 3260 +4.0 39.. 3320 +5 
(Pisawo|) Si) Spee Atte 326) —1.8 30m: 3320 +4 
61....| 318¢ | +3.3 4l. 330a | —5.6 30-2) 36g0e) ees 
61....] 318) | +3.6 41. 3300 | —3.1 39.---| 3330 | +9 
58....| 3184 | +0.3 45. 326a | (+5.6) 37--+5| 333% | =o 
58....| 3180 | +4.3 4525: GSeIoa a0 37-2 @\ 13930) | oe 
One 3320 —1.8 46.. 3304 —3.3 20m 3186 +6 
58....| 3320 | —3-6 46.. 3300 —2.1 RES « 3240 | (—5 
57. 333a| +4.1 hits, 3270 —6.8 Boe 324 +6 
Sie: 33305 325 52. 319a | —3.6 34....| 318a | +6 
50. 3332 | +2.8 52. 326a | +5.0 34.0>-| 3186 I>. es 
50. 3330 +1.3 52. 326b —4.6 ||N. 34.. 3320 | +4 
49. 318a | +4.6 526 3300 —2.8 ||S. 30. 3300 —3 
49. 332a | +0.3 Soin GC ale aes 30. 3300" | 3 
49. 3320 |) 3.5 SA | (Sag a oan S 31. 319a | —6 
45. 3320 —4.0 Se 31904 0.0 cnr, 310) —6 
45. 3320 —1.0 Sif 3260 +3.3 Bon 3270 —6 
45. 333@ | +5.0 57. 326b | —3.6 35. 319a | —6 
HiGe 3330 +4.8 ||S. 57. 3270 —2.6 ib 319) —2 
Aare 3184 +3.3 Risen 326) —6 
44.. 318) +4.0 4’ 6039.953 25. 3270 A 
39....| 318¢ | -+3.0 ||N. 65. 3330 | +7.4 B52 -27 (03270 em) oem 
Bonn 318) +5.6 62. 318a |(+11.9) Uv 3300 +o 
BORE 3320 —2.6 62. 3320 +4.0 BIS 3300 —=7 
BO. 3320 +4.5 62. 332b +2.8 41. 319a 6 
Boor Soe SROKe 60. 324a | (—8.6) At 319) —9 
B0en 3330 +5.0 60. 3240 Be hckO) 41. 3264 —4 
LAGE 3184 +4.6 Some 3184 +7.3 41. 32600 —Z 
B35 ae 3180 SPRok Some 318) +3.3 4I. 3270 —5 
35-.+2| 3324 | 4-6 59.-.-| 333¢ | +4.8 41. 3270) |) a9 
Bon 3320 +4.6 SOc 3330 +9.2 4I. 330a |(+10 
Bon 3330 ies 58:. 3320 +6.8 Ato lessou —I. 

Nees Se 3330 +3.6 §8..4.| 3320 +6.3 AScuenlmscod —6. 

Sh GOncoall stew) || Bee) 57h. se 324a.| (—s5.0) 452. .2|) 3200 —5. 
BOs anal) Sotelo he) Vicneul) Bele +4.0 org oll SeOGG! —4. 
Bieta SLOG Sau OVS chal) Quester +73 a5 ecules 270 ie 
Bios bo all) BuOw —4.0 SOM ESECD +6.4 45....| 330@ | (+8. 
BIS oe Alp ar) 5.0 Son 4 dll BOA) +6.6 Mis'o6 5|) SEO ie 
Pts Si ll BAAD —A0 oneal Sey Wb" SERS ND do Gi) Bue Ye 
iY rere CR ol? eo) 49....| 332@ | +7.9 46....| 3190 —2. 
BA eal 3 300 —5.0 UO anall BoA +4.3 Sioa eso —6 
35.-..| 3190 | +5.4 AG} in all) BG EXE +4.0 (heer orn arb —= (0). 
25a lesiou 1.3 BO asl] Bee +3.8 52 Cranes kOG —7 
WGososll au +4.0 AGE aE 2AC +9.2 SC 2eN EO LOU —6. 
Beecnall Berle 3... 45....| 324b +3.6 52) ees 320e 7 
37.-..| 326a | (+5.9) 45). al 3620 +7.9 naa ull Sexe —5. 
37. ees 200) An 45...-] 333@ | +10.1 SZ eaeO OF 

: Ane S27) en eG AS ene ecu +7.1 SoA oo Al) Sexolo 7. 

HE Qec call S40 =O Olml| Nees One sno, =1=3/15)0 || Sen SHS LOC eee 

Sanne eee ene sane Naim NLOOWMlE ON ih i 
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THE GENERAL MAGNETIC FIELD OF THE SUN 53 


TABLE VI—Continued 


| 
Lat. | Plate A Lat. Plate A Lat. Plate A 
A 6039.953-—Cont. 46079. 227—Contl. A 6111. 290—Cont. 

5 yi seal) elle —¥ Sy|ld, 30° ss] 3200 || 40) |INo Asc lesasa: | eau 
Space|) 3400. —0.Q BOreee ae LoU —4.6 ANS. crepe EE = ola: 
SO). ces| SLOG —A.0 BE cie| WQS ye. a0) 30... -| 3240 =3)..3 
58....| 3190 =6.3 Beni Q270 —5.4 EXOe oo I Soe +3.6 
omen Seyi! ON SAR | S200 Sus ZOIo.o0 ull SAD +4.3 

eS aricmil Sere —6.8 Acros) 3200 —6.9 Os 3 ll Ge! 2.6 

35.-..) 319¢ | —5.3 39.---| 3330 | +2.3 
A 6079. 227 35-...| 3274 | (—o.2) Bacall eal Cog} 

- 64..../ 333@ | +5.6 35....| 3270 | —4.6 35..-.| 3240 | +0.2 
64....| 3330 | +5.4 | 40....| 3274 | —3.6 35....| 332@ | +0.7 
63....| 3184 | +4.3 41....| 319@0 | —6.4 35....| 3320 | +1.0 
63....| 318d +5.0 Aton s|esloo —5.6 Aon onal eee | (ny) 
62....| 3320 +4.0 ATs e320, —4,.0 ||N. 35. .-.| 3330 Sok 
62....| 332b +2.6 ARR eNES 200 —7.6 ||S. 30....| 330@ | (+3.6) 
61....| 3246 +2.0- AS || esLod —5.3 30....| 3300 —1.8 
59----| 332@ +3-5 ARS pelll: GeIOLe —6.4 BaP E is gal) SOUL —3.6 
BOeenoo20 she AS ree 3270 —4.6 Ritsu al GEG —2.6 
Syren Sle | AA .3 45....| 3270 | —6.3 34....| 326a | —1.8 
57----| 324@ | +4.6 52... 319¢ | (—7-9) BY ual Xa —5.0 
57s +6) 3240 43 Aa cel) EEG) Ba hae iol RL. —0.3 
57--+-| 333¢ +6.8 RB ae al) See —3.0 Wea cil orld —1.3 
ae 24 pes 52....| 3260 | —4.0 se see wee 

sees . een es270 | — bed scien —5. 
EO. 6... | 3580 5 Oni Sai mor —3.6 AO ee 327G —2.3 
EO... .|| 324¢ +5.6 7a LO” —3.6 AO eS 270 —1.7 
Sessa! ee | see 57...-| 3190 | —5.6 40....| 3302 | (+4.0) 
$2 cho| SER aye 57....| 327@ | —5.0 ABs s05|| BX | aos 
50....| 3335 | +5-9 Gyre Saal 3-0. 4I....| 3260 | —0.3 
49..--| 332a SAS 5S... 163200 —5.8 RS oul) BA —2.8 
49..-. 3320 me Shi Since ail Sao —5.9 IMS a ol] GAC —1.3 

a sos Iod :O aan 27a = En 
el el 366 A 6r23.290 Ae lego ae 
eee eo 24 dn eet 3) \NeO4 e183 320al a-f.0)n7 45....| 330 | (+4.0) 
45.-..| 3240 | +4.6 64...-| 333¢ | +3.0 45....| 3300 | -+o.7 
45.---| 332@] +4.1 Che 3530) h) ARS 5r....| 3300 | +2.3 
Agee S320 +2.3 Olas ee320 +2.3 1....| 3300 —5.9 
45...-| 3330 | +5.6 59..--| 332@ | +3-3 52....| 326@ | —I.7 
45... -| 3330-415 -8 59.---| 3320 | +0.2 52....| 326b | —3.0 
40....| 3240 | +2.6 57.---| 324@ | 14.3 52....| 3274 | —3.0 
AOns- | 3240 | tS .3 57----| 3240 | +0.5 52....| 3270 | —=2.7 
BOe ie | SLOU +4.0 peel eee +2.1 57....| 327a —2.5 
Boe ose3geu. | srAyt Since epost} 1.3 57....| 3270 | —4.5 
BOmeerinssseal, ice4-c RO les 240n| ects 10 57....| 330a@ | +0.2 
39----| 3336 | 15-9 BO: ++ 5| 3240) | —=2,7 57....| 3300 | —3.6 
Bos aihsiee || “R5.1 5O.. 003330 | 2-3 58....| 326@ | —1.3 
36....| 3180 | +5.9 Sosa lgsse | 3 SINS. 580 leaa6bdl (= 8.3 
oe pa vee eet aet A 6119.740 
Bi mepg240| 3-0 49.---| 33 3. 

Boal) Go2e +4.6 Dike || AKG -+o.7 ||N. 64....| 332a Ang 
3320 +2.6 45....| 3240 | -+4.0 64....| 333@ | (—4.0) 

Bee 3330 +3-3 ie eal LH eo) Oi egoll Se! 1.0 
Neease ce al) 3330 +5.0 ||N. 45....| 3320 +o.2 ||N. 63....| 3185 | +6.4 
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14 HALE, SEARES, VAN MAANEN, AND ELLERMAN 
TABLE VI—Continued 
Lat. Plate A Lat. | Plate A Lat. Plate A 
A 6119.740—Cont. d 6119.740—Cont. A 6129. 190—Cont. 
N. 62°. 332b | +4.6 |S. 40°. 3276 —6.3 |IN. 44° 324a | +3 
60....| 3246 | +5.6 40. 330d | —5.9 44. 324b | +3 
Bone 8220) 1-020 4o. 330b —3.3 Are 3320 +3 
Hojonoel| eae |) Saget Ate 319a | (+7.6) AND) ¢ 324a | +1 
Ole 318) +2.6 aoe 319) —3.6 2One 324b +5 
57-.-+| 324a-} (—8.3)]] 41....| 320d | 323 39----| 333@ | +4 
Ghia 6 324D = 2n0 41. 326) =O Cm 3330 =I 
Cy ree 2 lg Se) 45. 319a | (+6.3) 38. . 1 2gasa | ==0 
Wfoooa| SA |) siding! 45. Bel) je Zijases| SKE | R2 
50. 318) +4.0 45- 3260 —5.1 35 3320 +5 
50. 324a | +6.4 45. 3270 a) a se8 35---.| 3334 | +2 
50. 324d | +3-3 45. 3300 | —3.6 34u..5] Bed | (4 
SOme 3338 +2.1 45. 3300 —6.9 BAe 3240 +o 
SO. 3330 +5.-3 Ga 3300 —6.1 ||N. 34.. 324b +5 
49.. 332a +4.5 51. 3300 —5.9 ||S. 3z.. 31900 +3 
49Q.. 3320 +5.8 G2n 327) —3.6 Bie 319) —5 
JR 318) 23 52. 3260 —4.6 igi. 3300 —8 
45.- 3240 1-4-3 52. 3260 — O93 Bite 3300 =5 
AS. 3240 +2.0 S25 3109) ist 2h eo 3260 =—3 
45....| 3320 | .--4.0 52. 31r9a | (+4.0) 22 326D —3 
45....| 332 | +5.8 57. 319a | (+7-3) BS na S50) |) eas 
AS cecs|| S8OE || are 57 aui0 2) SI9O0)) = On3 35-'«-»| 3300.) 4 
AB 06.4] BER) || =akOs@ Byjoebel| 67 || —5ko) SOc NSEOCT ed 
Bone 3184 +8.3 Yew 3276 —6.3 B05 319) —I 
Bowe 318) +2.8 rfoke 3300 —5.0 267. 3260 —4 
B0ne 324) 5.4 Sore 326a —4.1 BOs 0 3205 —5 
BO 332a | +6.3 |IS. 58.. 3260 —3.6 XO). 5 327) —2 
BWoavalt BQH || SPS HBici moll eenoyen|| zl 
$02- | oaoUnieechy «3 A 6129. 190 41. 3190 | =5 
39..--| 3330 | +4.0 |IN. 64. 332a | +3.0 41. 327a | +3 
Bo 318a | +6.9 64. 3320 +5.1 41. 327b —3 
30ne 318) +6.4 63. 3240 +6.1 Ae 3300 +2 
SBja ae|| GA | Ge 63. 333d | +8.6 41. 330b | —4 
Bice 3240 =+-5.0 Osh 3330 aE Belk LP 326a 2 
65. 3320 | +3.3 62.. 3184 | (—6.3) ADs. 3260 —I 
35: 24193320") -F2.8 58....| 332@ | +4.3 46....| 319@ | —5 
. cis 333a 203 Sone 3326 +4.3 PO 3190) —3 
a B52! S3S0N| ORO 57>. >>| 324@) || 4-0 46... -21) 3200.1) sg 
a 3One 3190 —=3.3 Bole 324) +5.3 40.. 3266 —7 
BOs 319) —5.3 i/o a 333a IF 20m 3270 —I 
BOnr 3300 =3.0 Sot 3330 a PAS 40.. 327b =F 
ae oe rane 5 One 318a | (—4.6) Sone 3l9oa | —4 
Ses =5. SON 0 3320 +7. 2. 19b 
B4e- 326a | (+3.0) 50. 3320 wee ons See as 
Vie 3260 —3.0 50. 333a —1.7 Ge 326b =e 
35---.| 319@ | (+8.9)|] 50. 3330) 1-328 52:, oo nsgod | S—=4 
35. 3100) | 550 49. 318@ | (—3.3) 52....| 3300 | —3 
Boe 3274 —4.6 48. 324) +6.8 S30 3274 —7 
35). 3270 $1.5 45. 3320 +2.6 Soo 327) aru 
35. soe 5.50) 45. 333@ | +3.6 58....| 319@ | —5 
i pe 5° —3.1 . 45. 3330 +2.3 Goer 319) vl 
: : 3270 —cer |iN. 44. 3184 Stee) No G8one.|) S560 —2 
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THE GENERAL MAGNETIC FIELD OF THE SUN 


TABLE VI—Continued 


15 


Lat. | Plate 


wa 


Va 


~~ 


VN 


ar 


A 
A 6129. 190-——Cont. 

S. 58°...] 3266 | —5.0 
BScice|) 880e Ie 
58....] 3300 —6.3 
BOR 5270 —5.3 

SemsOn ee o270 —5.6 

A 61490. 458 

N. 64....| 332@ | +4.0 
64. ...| 3326 +5.1 
Ost sh t- 3240. +5.3 
Oars es 336: +5.1 
eee peel) +6.8 
BOs is <1usg2e +2.6 
5Sr.-<{ 3320 | -+2.0 
Kimora es 2ad Ale 
57-«..19324b | -+5.9 
Shee Osada, sel=3 
Bis osa|) SU PE ea eas: 
56....] 318a | (—3.8 
BOn nc. 1 S320 +4.1 
BO. 55163320 +5.3 
Sood) SER —1.7 
EOwne | 3330 Sie S a 
49....| 318a | (—4.0 
AS... 123240 +2.6 
49.4..|03240 +0.3 
45...-|' 3320 |> +3:5 
45..--| 333@ | —I.0 
ay or) 333% | 5-3 
44....| 318a | (—5.0 
44....| 324a | +3.6 
44....| 3240 | +5.0 
Aone 3324 +5.3 
4o....| 3326 Siok 
30....| 32401 +3.6 
Z0e-.-| 3240 | 3.8 
Boner 9333e | = 3-3 
20. cal eee 
38....| 318a | (—4.6 
BS so2al tO. 3 
Beare 3520 Ong 
Bem 333d) an220 
Spec |osse.| 15-0 
34....| 318@ | (—3.3 

ING Bn ae al) Bw +o.8 

Si Bitous ah eatoyen | gals 
Say oe ol tole — 250) 
Biles 300 || 5.3 
Rite. or all Sexep ip ak 
32ers |S Z00 An 
Bee eS 200. 2, 33 

e350 221k 3300 —6.9 


Lat. | Plate A Lat. | Plate a 
A 6149.458—Cont. A 6173.553—Cont. 

Se 3b anes 300 —2.8 ||N. 49° 3180 | +0.2 
20a eshow —3,3 48. 3240 +6.8 
36....] 3190 —4.6 48. 324) +6.9 
36....| 326a —5.8 AS. 3320 +4.0 
30% 02.) 3200 —6.3 Acer 3320 +6.3 
Ae woalt Rede +0.3 Aso 3330 +6.8 
AL are Slow —4.3 Asien 3330 +5.8 
Aloe le sore —4.6 44.. 318a | +6.6 
PEAS oll Ov —5.0 44.. 3180 +5.1 
4I....] 330@ | —4.1 44.. 324a | (—o.7 
HR agi RIOD —3.3 44.. 3245 +5.0 
Azar s 200 — 370 4o.. 3320 +5.1 
A2eeeeles 200 —4.6 39.. 324a | +4.6 
AS lessor —3.0 B0re 324) +6.6 
Avene |ESsov: 0.0 39.. 333@ | 0.2 
AO wr i-ni| Sloe —6.6 30.. 3330 +4.0 
Zora |e SrOo —2.6 B3ne 318) +6.4 
AOs- | 63200 == <}.(0) 35... 3320 +6.1 
SOM eas LOU =—t.2 BE 332D +5.0 
I hal) SAO —4.3 Bene 333a | -+-0.7 
I aa all SeXow —3.0 BGo 3330 +4.8 
2% ges ||e RESO: aPOLe BAae 318a | +5.3 
As ouc|| Boye —0.5 Beso 318) +4.6 
Boe. .5| S100 —A3 BY 3240 +4.6 
Peis oo all GUI —3.0 |/N. 34....| 3240 | +7.9 
5S. 0. (03200 | — 2.3) IS. 3a. 319a | —4.0 
eee S200 —3.3 BHF 319) —4.3 
eh sh all) Seow —4.0 Chis g 3300 | (+1.6 
Somer iesso0 —7.9 Zee. 3300 —3.3 
BOs 3270 AS Be 3264 =F o8) 

Sh G8e 5s 4 S7f0 —4.3 32....| 3260 —5.4 

Boe 330a | (+0.6 
A 6173.553 Boe 3300 —2.8 

ING Ofte eles 32d. || 1-30 B0n. 319a | —4.8 
(OM onl) See +5.3 200, 319) —6.4 
(Beacgall See +6.6 ADS s 326a —6.3 
(Bi noalh Seely) +8.2 BOs 6 326) —5.3 
O27 ales lod +-6.3 Be, 3270 142 
(ey alt eile +7.3 AOes 327b —5.6 
Boras | ogee +5.6 Ai 319a —4.8 
ein aol eeu = Ping 4I. 310) —4.3 
Piso eall eeu SPAS. 4l. 3270 Ont 
fo nncl) Sant +2.1 4I. 327b —3.8 
Hieoc ol] Be | ares} 4I. 330a | —O.1 
re Conerpr WORN Ra fee 4l. 3300 | —4.3 
NO. cpal) Sie) seo 42. 326a | —5.9 
HO. so0|| Buel 5.9 42. 326) —6.1 
iS), on ol| BBE || SOKO Ale 330a | (+5.1 
HO) no ol) Seeav +3.8 Ase 3300 —2.6 
Ron nal) 2eeW 0.5 46.. 319d Ges 
COM oS 30. +5.3 40.. 319) —5.3 

N. 49....| 318a | -+4.0 |/S. 46.. 326a | —5.9 


~~ 


wa 


~~ 
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TABLE VI—Continued 


Lat. Plate A Lat. | Plate A Lat. | Plate A 
A 6173.553—Cont. A 6173.553—Cont. A 6173.553—Cont. 

S. 46~. ..| 3200 —7.3 |IS. 52°...{ 3300 | (+2.3)||S. 58°...| 3260 —7.6 
46....| 327¢ —6.9 Reena) Siholl —4.6 58....| 3300 —2.2 
Ajo 5) Boyle —3.8 EN ts acl Sede —5.3 SO nrelesGoU —6.4 
§2.-2-|) 3100 —1.7 Reino aoll cede —4.3 SO laser —3.6 
Soe ees LOO —3.6 58...+| 310@ | O23) |S) 50 eleoe7e —6.9 
5255.) 3200 510 Sora rleou —5.0 

Sense es 200 —6.1 ||S. 58....| 326a —7.1 


Since the compound quarter-wave plate was sometimes used in 
the normal (++) and sometimes in the inverted (—) position, and 
since in neatly all cases the measurer was ignorant of its position 
and also of the hemisphere under observation, personal bias has 
been eliminated. The signs of displacements observed with the 
inverted quarter-wave plate have been changed, so that all results 
refer to the normal position of the plate. 

Besides the lines given in Table III, others have also been meas- 
ured. A list of these, which show no sensible displacement, is in 
Table IV. The close equality in the numbers of right and wrong 
signs is in striking contrast with the preponderance of correct signs 
in Table III. 


4. DETERMINATION OF MAXIMUM DISPLACEMENT FOR 
DIFFERENT LINES 
The first step in the calculation of the sun’s general field is the 
determination of the displacement at 6=45° from the measures in 
Tables V-VIII. The displacements of a normal Zeeman triplet 
produced by the sun’s field, assumed to be that of a uniformly mag- 
netized sphere, may be represented by' 


kRA=A cos i+B sin i cos \ (1) 
in which 

A=displacement of spectral line, 
k=a constant depending upon the strength of field, the mag- 

netic separation of the line, and the units employed, 
7=inclination of sun’s magnetic axis to axis of rotation, and 
\=heliographic longitude of magnetic axis. 
*Seares, Mt. Wilson Contr., No. 72; Astrophysical Journal, 38, 99, 1913. 
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TABLE VII 
DISPLACEMENTS FOR LINES oF SERIES VII—A5247.737 
Lat Plate A Lat. Plate A Lat. Plate A 
N. 70° 424a | +4.0 ||N. 50° 429a | +5.9 ||S. 25° 440b —5.3 
70. 424) 0.3 50. 420) +3.6 20m ASS Caray 
70. 426a | +5.1 50. 430a | +5.6 29.. 4330 | (+4.3) 
70. 426b | +4.3 50. 430b | +6.3 29....| 434@ | —4.3 
FOus 427@ 4.1 50. 431a | +5.9 20en 434) —2.8 
TOs 427) Shes 50. 431b +3.6 2051, 4354 —2.6 
70.. 428a | (—4.3) Some 432a | +4.1 29.. 4350 —5.6 
TO. 428) +5.1 Eom: 4320 +2.6 20ime 430a —6.1 
69.. 4209a +5.6 20m. 4240 33 20e% 430) —4.0 
60.5: 430a 3.6 46.. 424) --5.0 20 a6 437@ 15583 
69. 4300 2.0 AO 4264 areas} Ae 437) —5 50 
69. 431a Aes 40.. 4274 +0.3 2Onr 4380 —5.0 
69. 4310 +4.8 40... 4276 +2.6 20m 438) —7.3 
69. 432a | (+8.3) 46....| 428a | (—5.6) 20.. 439@ | —4.3 
60. 432b | +5.09 46....| 428b | +2.6 2Q.. 4396 —4.0 
63. 4244 SO Asin 4204 58 BO. ¢ 4400 —7.1 
63. 424) ase 45- 429) +3).6 tas 433@ —6.6 
63. 426a | +5.3 45. 430a | +5.9 Etborallen setnall 1G ty.) 
63. 4266 ae 45. 4300 +5.0 Sker 434a —5.0 
63. A270. | 1-225 45. 431a | +4.3 S522 | 45405 00 
63. 4276 | -+7-6 45. 431b | +3.6 352-1021) 4352, 1 5.0 
63. 428a | (—3.6)|| 45. 432a | +4.8 inecmibe SuaP icv) 
63. 4280 +3.6 45. 4320 +6.3 Bene 4360 —4.0 
62. 4290a | +4.3 4I. 424a | +4.0 35-.--| 4360 | —5.3 
62. 4300 353 4I. 424b +3:0 AG sc 437@ —4.0 
62. 4300 +6.1 41. 4260 he] Scie 4370 —5.1 
62. 431a +6.6 Al. 426b +6.3 ace 438a —4.6 
62. 4310 +5.4 Ane 4270 +4.6 ABs 438) —4.5 
62. 4320 SAIS 4I. 427b +4.6 Bs 439a —3.8 
O2e 432b +6.9 41. 428) Ans Boe 439) —3.3 
SOs 424a Ans 4o. 429a Sot ai5er 4400 —5.0 
Orr. 424) +2.6 4o. 429) +4.0 Boer 440) —6.1 
502 --| 4200) 3.3 40. 430@ | 13.5 39-...| 4332 | —0.3 
Sn: 426) +2.6 4o. 430b +4.8 Bonn 4330 | (+4.1) 
56....| 4270 | +4.6 40. 431a | +5.6 39° --1|| 434@ || 4-6 
56. 427b +4.6 4o. 4310 +4.0 HO 4340 —6.3 
50....| 428¢ | (—s-4)| 40....1 4320 | 15.3 302615 43509 |) = 3.0 
Bee 4204 +5.4 ||N. 4o.. 4326 Sahu) BOs 4350 —5.6 
55- 4296 | +5.3 ||S. 25...-| 433¢@ | —3-0 39----| 436@ | —=5.6 
55. 4goa | +4.1 ooo SAD NRG RDU aE oad CI 6 aca 
Gee 4300 +2.6 25 inn 4340 hk BOs 437@ —1.0 
Beer. 4320.) 3-3 Geert | 4540 1) a= E.O S02 043 Ole agg 
BG ate 4310 +6.4 DS 4350 ne, Orr 438a —4.3 
Bere Ased | 5.0 25.2) 4350) —=3.3 39--«-| 4380) 5.6 
ae 4320 +5.4 Dist 4300 —2.6 Boye, 439a —4.0 
Si. 4240 +2.3 Pie € 4360) —6.3 BOE 439) —7.6 
ree 424b Aes 25er 437¢ —1.7 4O.. 4400 —4.6 
5I. 426¢-| +3.3 25 ee | 4370 533 40. 440b | —3.5 
fang 4260 305 PS 438a —4.8 47. 4330 —2.3 
BE. 427a | +5.4 BG rte CAG OU all MecaAcik 47. 4330 | (+2.8) 
5i. AZT OWN 12559 25...-| 4392 | —2:0 47. 434a | —4.8 
fine 428a | (—3.0) 250 439) —4.8 AN. 4340 —6.4 
INI Gigs 428) +4.6 ||S. 25.. 4400 —4.0 ||S. 47. 4350 —3.6 
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TABLE VII—Continued 


Lat. Plate rN Lat. Plate 4 Lat. | Plate 
Sh 25M so ell Beas —3.0 ||S. 48°...| 440a | —6.3 ||S. 51°...] 4376 6 
47 4360 —3.3 48....| 4400 —4.6 51I....| 438¢ 6 
47 430b —5.0 Fibs 6 pralpr e —6.3 Ee rncn lez fel 6 
47 437a | —2.3 5r....| 4330 | (+4.0) Bios 4300 6 
47 4370 | —6.6 51....| 434@ | —4.6 51....| 4390 io) 
47 4380 —4.6 itn 2 ool Zseelo —7.3 52....| 4400 wit 
47 438) —5.4 Bree Asse —6.6 ||S. 52....] 440) Ke) 
AT re WACO Dea A SG Bi ped ASO |) gtk 
Se A 7nd 64300 —5.6 ||S. 51....| 437¢ +0.3 
A A 
Lat Plate i SS Lat. Plate 
| A5250 A5253 A5263 A5250 A5 253 
N. 69°. .| 431@ | +2.0 | +5.1 | +1.7 || S.25°..] 4350 | —1.0 | +0.3 
69 4310 | +4.5 |(—3.1)| +2.6 250 436a | —o.7 | —0.3 
69 432a | +1.8 ASG || SReie) 29 ASAT —=32 Olle a0) 
CO AS 204 | a0 eens aes 29...| 4346 |(+3.6)| +1.3 
62 431a | +3.6 | +2.0 |(+5.0) 29 A3Z5Gi)\ 11-0730 Os 
62 4310) 4-0) 453-53 29 A350) 93.6) tens 0 
62 432a@ | +1.3 | +1.7 |(—1.3) 209 436a | +0.7 | —3.5 
62 4326 | +1.8 | +4.1 | +1.0 35 434¢.| —3.60 | —3.8 
55 431¢ | +0.7 | +0.7 0.0 35 4340 | 203 Ne 
55 431b | +2.0] +3.5 | +1.7 35 4350.) =3 6 | ==3.8 
G5. e| AS20138. 3h 2Onleteg ot 357 ah 4350 a2 OO ) 
55 4320) 2.3 | -r4n3. lias 35 4300 | 2.6) —1.3 
50 ABSA) eReoy, |) Sone |, ev iae 39 434G) | \— 3. ONle—ate 2 
50 4310") FA. 32h 4220 0.0 39 4340 | =2.0 |J=3.5 
50...| 432@ | +4.3 | +3.6 | +2.3 301.2) A35Ga| 20rd ag) 
50 432b | +1.0} +3.1 | +3.3 39 4350 | —2.1 | —5.3 
45 431@d | +2.3 | +2.0| +1.3 39 436a | —3.6 | —3.3 
45 431b | +2.8 | +3.3 | +2.3 47 434@ | —2.3 | —4.0 
45 PRR NN eeseey || See <6) | seh 47 4340 | 4.0 1, —o-7 
45 4320) (5.34 2-Oclere 3 47 435@ | +o.2 | —3.6 
40 431a | +3.6 | +2.1 | +1.0 47 4350 | —0.3 | —3.6 
40 431b | +3.0 | +1.0] +2.0 47 436a | —4.3 | —2.3 
40 432@ | +1.8 | +2.6 | +2.1 51 434a | —o.8 | —2.6 
N. 4o 432b | +o0.2 | +1.8 | +3.6 SI 4340 | —5.6 |(—6.3) 
S. 25 4342 |(+2.6)} +0.3 | +1.0 51 AB50. | eh a eens 
25...| 4340 | —2.6 | —1.0] —1.2 51 4350 | —3.0 | —2.6 
5.25... 435¢ | 2/3 | —2,0 | —1- 8S 51 436a | —3.6 | —1.0 
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TABLE VIl—Continued 
A 
Lat Plate 
A5300 X$304 45328 A5329.3 | AS320.9 | AS340 45348 

N. 69° BBOD We toe ect +8.3} +2.3] +131.3] +3.6] +4.8] +1.3 
69 4300 =EoS Go [esc Gates LG's ere ce |fceaes Gime rete [coeretiet tree ieee | areca 
69 431a +2.0 —o.2 3.6 —1.0 +o0.8 +4.6 —0.5 
69 431 +3.0 0.0 | (+5.3)| +2.0] +5.8] +4.3] (44.6) 
69 432@ | (+7.6))(+14.2)| (+5.3)) +2.3] +5.9] +3.0] 1-5 
69 432b +4.6 +4.1 +1.8 +3.1 —2.3 +7.8 0.0 
62 430a +5.0 0.0 +2.6 —0.7 +2.1 +2.3 +0.7 
62 430) PY il RR Ce RT (eee Pers alee oc ceclucouma se 
62 4314 +4.8 +4.1 +3.0 +3.0| +5.0 +4.3 +3.8 
62 4310 +5.3 =FLg +2.8 | (—2.3)] +1.3 Ses | apie 
62 4320 +2.6 +5.3 ares +2.6| +3.6] +9.6] +2.0 
62 4325 +5.0 +7.4 +2.6 —0.7 +6.9 +1.0 +3.6 
55 4300 +1.7 | (—4.6)} —o.7 | +o.7 |] +2.6] -—2.3] +0.7 
4300 SONS yin toe eesiell Sore Shee psiligin® srccecefelliesentin ace | oer ctemeeel | eee eee 
e 431¢ +3.6 +7.3 —O.5 —0.2 +2.6 —I.0| +1.7 
55 4315 +3.8 +5.3 +2.0] +2.3 +1.2 —I.0| -+I.5 
55 4320 453.1 PS.5 1 E40.) E57) S40) oe ae | Ss. 
55 4326 +1.3 +6.9 +3.6|] +2.6 BA) | ara || artla8 
Exe) 4300 +3.3 +2.0}; +2.6 +3.6| +5.3 +8.7 | +2.8 
fo) 4306 ICO ISAC N Fete ake Colts beeen x Iiodhl ner ase oe Reewnicds Ohad fo Sloane Sec 
a 4314 —0.3 —1.7 +1.8 +2.6 +4.3 +5.3 +0.8 
50 4310 +2.8 +8.7 +2.3 +1.7 +0.8 | +8.3 +2.3 
50 4320 oat +9.2 0.7 +1.3 Ons +2.6 —0.3 
50 432b +5.0 +1.3 +1.2 +2.6 +8.6 +4.0] +2.3 
45 4300 0.0 +6.9 +2.0 +1.7 +6.1 +4.6 +4.1 
45 431a +2.0 +4.6 ango8 2.0) —2.0 +2.5 +2.6 
45 4310 +o0.8 +2.0 +1.0 +2.0 +0.5 +8.4 +0:7 
Ae) Agee.) F300 | 5.6.) P21} brig) 3731 (423), te 
45 432b oO tt e781 lee 2a SoA tal 720 ery 
40 4300 Ar On| ese55.00 ie te 2h5)| 53 | ethos) acres (+4.5) 
4o 43ia =+3.0 0.0 are +3.0 +4.0 +5.0 ea) 
4o | 4315 —o.3| +6.3| +1.8] (—2.3)} +5.6| (—4.6)} +2.3 
40 4320 +5.3 +3.0| +1.7 +1.8 —2.3 +8.7 +1.0 
N. 40 4320 (—1.3)} +1.8] +2.0 O.0) |) (3 eeeee (—2.3) 
Sh 24 AZAGS Eat nc. (Gertews) | Meare as eens oer coleecnons acoso os 
25 434¢a —3.0] +2.5 Ce) |] <0) || ae). —5.0| —1.7 
25 434) =i Oueltoes lansatereacl|ateea aera 0.0 —1.0 +o.7 —1.8 
S. 25 4350 27 On lars sacra 270) le 30) eS sal eeo be Samet 
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TABLE VIIl—Continued 


A 
Lat Plate 
A5300 A5304 A5328 A5329.3 | 5320.9 45340 45348 
S. 25 rtd Wal eaten ol look a4. — 2:0) = 358 4lia seen te omar (+1.7) 
28 ABAD MI Cre aceasta HOB Paves ceva a Sillicla-o the ouctel| utene tome ete | cere cen eect aca agemematon 
29 ABZAGI Nee one ae +4.6 —3.3 —2.6 —4.8 —5.0 —1.3 
29 4340 ON le Sere —0.7 | (+-20)| 9013 | 5.00] 9 Ons 
29 435a —270 —6.6 58) OF —F On — One 111 ©) 
29 FATA AED pile BICC .coa Uci.8 —2.1 = 2:8" || earl toll eee eee —2.1 
35 | 434¢ —4:6.| —4.5 | (—333)) 7326-|> 4:0] a ens 
35 434) —4.6 —7.4 —3.0 —0.5 — O39 | Me OnS —1.2 
35 435a —3.6 —5 50 —0.5 —2.1 +o.3 +0.3 +o.2 
35 ASSO. cla. nse eke Sete =T.9 TG) itv teehee i| abate On, 
39 434a —3.6 | —11.6 +FOn7 —2 53 —3.0 —Ow2 = 9),,'5 
30 434b <| —2.8 —3.6| —3.5 —5.0| —4.3 |(—12.2)| —2.0 
39 4350 —3.0 +0.3 —o.8 —0.3 —8.3 —2.6 —2.0 
39 VENT ie [eis oR ite Wtyatr ed oles ees —5.0 rad OA rea Cates ots 5 —1.8 
47 4340 0.5 —8.6 0S Aas O87 «a0 -etenetee —2.0 
47 4340 —5.0 —4.3 —0.5 —1.0 —6.4 —4.60 —0.2 
47 435a —o.2 | —II.I —2.6 —3.5 —3.1 —7.8 —0.3 
51 434a —2.0| —5.6]| (+1.8)} —1.0] —2.1 —1.8| —o.7 
51 434 (—7.1)} —6.3 | —2.6] —2.5 | -—9.2] —5.1 | (—5.0) 
Rie 435¢a —3.1 —3.0 —1I.0 +1.5 —3.8 —3.6 —1.2 
S. 51 1. eae Pee a ee reg terme acre eie tl yn otic acl eininc cubed Golo on ws —3.1 
The coefficients A and B are defined by 
A=3 sin (26—D)-+sin D\ S 
B=3 cos (26—D)-+cos DJ 


in which 

¢=heliographic latitude of the point observed, 

D=heliographic latitude of sun’s center. 

Were D and i both zero, kA would equal 3sin 2¢, which has 
zero values at 6=go0° N., o°, and go” S., a maximum at 45° N. and 
a minimum at 45°S. Since the observed displacement curves are 
approximately of this character, it follows that z must be a small 
angle (D is known to be small). This permits the calculation of 
the field-strength without further knowledge of i or \, for applying 
equation (1) to equal northern and southern values of ¢, 


k(An—A,) =6 sin 2 (cos D cos i+sin D sin i cos d), (3) 
whence’ 


CH, (An—A,) =6 sin 2¢, (4) 


* Mt. Wilson Contr., No. 72, p. 11; Astrophysical Journal, 38, 109, 1913. 
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in which 

A is to be expressed in angstroms, and 

H,=feld-strength in gaussian units at sun’s magnetic pole, 

C=separation of the x-components of the triplet in angstroms 
for a field of 1 gauss. 

The omission of D, 7, and \ has introduced an error of the order 
of 7* (about 1 per cent), a precision that is ample, for the individual 
values of A are subject to uncertainties of 25 per cent or more. 

For the determination of H, it is convenient to apply equation 
(4) to the displacements observed at ¢=45°, thus giving 


4A 
Ss (5) 


in which A,; is the mean of the absolute values for 6=45° N. and S. 
To determine A,;, equation (1) may be written 


kA=A (6) 
whence 
AgaAs 
=A (7) 


This neglects quantities of the order of z, but a combination of 
results for the observations in the northern and southern hemi- 
spheres, which with few exceptions are symmetrically distributed, 
reduces the error to one of the second order. In fact, the applica- 
tion of (6) to equal values of ¢, N. and S., leads directly to (4), which 
is of this precision. The use of (7) is facilitated by the tabulation 
of A with the arguments ¢ and D. 

To shorten the calculation, means were found for groups of dis- 
placements observed for each line in neighboring latitudes, the 
limits in general being 20°-29°, 30°-39°, 40°-49°, 50°-59°, 60°69”, 
N. and S. The occasional values of A below 20° and above 69° 
were disregarded, since their contribution to the weight of A,; would 
have been insignificant. 

The value of A,; having been found by a least-squares solution 
(the two hemispheres were treated separately), k was calculated 
by (6), which was then used for the detection of discordant 
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TABLE VIII 
DISPLACEMENTS FOR Lines oF SERIES VIII 
Lat. | Plate A Lat Plate A Lat. Plate A 
A 4406.810 A 4418 .499—Cont. A 4421.733—Cont. 

N. 60°...| 470a | +4.0 || S. 33°. 463a —3.0|/S. 42°...| 4796 —S5. 
60....| 4700 +3.0 Chee 4636 —4.3 43. 463a —9 
oun en Ay OCR im-}=8 a5 Bae, 4644 —3.8 43- 4630 —7 
52....| 4700 —0.3 Boas 4645 —1.7 43- 4644 —7. 
iS 2am 480a +o.2 25). 403a —6.3 47. 478a —3. 
48.. 4700 +1.0 38.. 4630 —5.1 AT 478) —4. 
47....| 480@ | 2.5 38....| 464a@ | (—6.6) 47....| 479a@ | —4. 
4b.05.1 470g aes 38..2.| 4040 |" 9.3 47. 4796 | —S. 
4o.. 480a | +5.6 43.. 4634 —3.8 SLi 4630 —S. 
36....] 470 | +3.3 43- 40305)" "— 4-3 51. 4635 | —3. 
307. 4706 =a 43. 4644 —I.3 Stas 464@ |(—11. 
a Gixe 480e.| +2.8 43. 4646 —2.3 Oe 4784 —5. 
Bian 480a | (+7.4) [wee 463a —1.3 CX fe 478) —2. 

Ngee 480a | +2.3 Sr. 4635 —3.3 Cee 479a —I. 

Sees aie 4630 —4.8 Sts 464a —4.1 eyecare you) —6. 
28 sk 4630 —4.5 Rima 4646 —0.2 57. «.a) 4038 +o. 
332-3) 4040") Vang SS rere) 4050s ees S7< <oiej hOgO. | eos 
33----| 4646 | (+1.5) Sse aGso NL nan 55-224) 404e | =2 
Sor 4634 —4.8 Ss 4640 —1.3 (ojaee 478a —8 
oe , oe a2 S357. 4646 —2.6 oe 5 478) —2. 
38....| 4640 | —1.8 4421-733 Ss 23. ee es: 
43....| 463¢ | —3.1 || N. 60....] 470¢ | +2.0 j 
43. 4636 —2.5 60.. 470b a eo) A 4430.785 
43. 464a | —5.0 Sone 47oa | +1.7 || N. 52....} 480a | (—o. 
43. 464b | —5.9 Eves Ze) |b Seaxe 47.-..| 480a | +2. 
Site 463a | —2.6 Be eal) CRS | Sei 40....| 480a | +3. 
ik 463b | +0.2 48....| 4700 | +3.3 35----| 4800 | +2. 
ite 404a —2.3 48.. 470b E223 3t.. 480a =ieSy. 
iit 464b | —2.0 46....] 4800 | +5.6 || N. 27....| 480¢ | +3. 
57. 463a | —1.7 41....| 470b | +0.3 |/S. 33..--| 4634 | —2 
57. 4630 0.0 40....| 480b | +4.3 33-.--| 4636 | —3. 
57. 464a | —2.0 36....| 4700 | +4.0 33----| 404@ | —1 

Save 464b | —5.1 36....| 4706 | +1.5 33----| 464b | —2 

ee a a oe 38.5 463a — 5s 

as | a 4 res 33. 4630 —5: 

. 60. 4700 2 ROM Napa tame 480) 0.3 Risto 404a —4 
60. 470b +4206 ||'S. 32... 478a —8.9 Bore 464) ma 
52. 470a | +3-3 32. 4780 | F323 43....| 463a | —5 
52. 470b | +1.0 32. 4794 | —5.3 43. 4636 | —3. 
Roe 480a -FI.3 aoe 479) —8.9 43. 464a i 
48. 470a | +3.3 Bau. 463a | —6.8 43. 4646 ASN 
48. 4700 ones Gace 4630 —7.9 51 463a ~ ee 
47. 480a | +2.5 one 464a —2.1 Sr. 463) (eat 
41. 4704 +4.8 8057 478a — 7.0 sie 464a = 
4I....| 4706 | +1.2 36....| 478b | (+5.3) 5I 464) i 
40... 480a +5.8 cy fae a — ; : : 

479 5-3 S7- 4634 | —1 
36....} 470a@ | +2.6 37----| 4790 | —5:9 57 4635 | — 
36....) 470b | +3.1 Bone 403¢ | —6.3 57. 464a = 
35-.-.| 480a | +3.3 Rote 463) —9.9 ||S. 57. aa BN 
31. 480a | +2.0 38....| 464a | —7.9 Ny = 
N. 27. 480a | +4.3 ||S. 42....] 478a | (+5.0) 
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TABLE VIII—Continued 


Lat. Plate A Lat. | Plate A Lat. | Plate A 
A 4438 .006 « 4438 .006—Cont. A 4438 .00o6—Cont. 

S. 33° <..|.463¢ | -+o.3 |S. 43°...|.463¢ | —o.s ||S. 52°. | 464d | —3u2 
BB h.5) 4030 —3.6 43....| 4636 —2.3 Sane eA OSO mi 2 
Ray ois: 4046 —2.6 43.-..| 464a —0.7 Gye coal) CR =2.3 
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observations. Values giving residuals greater than three times the 
probable error were rejected, and the calculation was then revised 
for the determination of final values of A,; and k. Rejected obser- 
vations appear in parentheses in Tables V—VIII. 

The results are given in Table IX, which contains the values of 
A,; for each hemisphere without distinction as to sign, their differ- 
ences and their means, the value of &, the original number of obser- 
vations within the chosen limits for ¢, the number rejected, and 
the probable error of a single observed value of A derived from a 
comparison with the theoretical displacement curve written in the 
form (6). The unit for A,; and the probable error is o.cor mm. 
The table also indicates, in the last column, the value of one 
angstrom in millimeters, which is necessary for the transformation 
of A,; into angstroms. 

In order to utilize all the available data, the results by van 
Maanen on ) 5929.898, Series I and III, and on \ 5812.139 and 
d 5828.097, Series IV, are also given in Table IX. To secure 
homogeneity these have been rediscussed by the foregoing method, 
which accounts for small differences between the values in Table IX 
and those previously published. The only results not included are 
the fragmentary measures of \ 5812 and J 5828 in Series I and the 
results of Series II, which were from second-order spectra. 

The consistency of the data is illustrated by the differences in 
the fifth column of Table IX, which by equation (2) are of the form 


k(A44;+A-_,;) =2 sin D cos i+2 cos D sin 7 cos d (8) 


1 Mt. Wilson Contr., No. 71, p. 63; Astrophysical Journal, 38, 87, 1913. 
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and have the limiting values 2 sin(D+z) and 2sin(D—z). The 
numerical results are such that z, as already assumed, cannot 
exceed a few degrees. Considering the difficulty of measurement 


TABLE IX 


VaLues OF Aj; 
(Unit for A,; and P.E. is o.oor mm) 


Aus No. OpseEr. 
SERIES aN | toes ol eee er e ae Factor 
N S Diff Mean All Rej. 

Ts. .«| 59202808: | 3-60) |151.02 || 18335184230 -180n7 0) len 7a 7 |+2.906 | 4.01 
III...| 5929-808 | 4.77 | 5.50 |—©.73 | 5-14 | 0.59 | 125 9 3.38 | 4.91 
5812.139 | 4.96 | 4.16 |+0.80 | 4.56 | 0.66 | 96 Io TROL Aeog 
5828.007 | 4.44 | 3-74 |+0.70 | 4.09 | 0.74] 98 II 1.44 | 4.88 

TV.. IN 5830- 020 | re4S, (eee 04 O00) etn Orel eEEOO moO 6 1.66 | 4.88 
5850-312 152300) oo55e [stew Ol 44 On On On mES a 5 1.72 | 4.89 
5Q23.013 || 93=70n||e2pLOn | 2 OOmlE2nOOn ei Eo am A 5 2.15 | 4.0L 
60072540) "254402237 Iori 3 2us onl cOnmn 7 2 2ST Anos 
6039.953 | 6.15 | 5-79 |+0.36 | 5.97 | 0.50] 85 6 2.17 | 4.04 
6079.227 | 4.8r | 5.07 |—0.26 | 4.04] 0.60] 74 3 0.99 | 4.95 

Vv 6111.290 | 1.99 | 2.18 |—0.19 | 2.08 | 1.44 | 66 4 I.49 | 4.96 
““""!)6119.740 | 4.90 | 4.42 |+0.48 | 4.66] 0.64 | 83 8 2.10 | 4.96 
6129.190 | 3.41 | 3.83 |—0.42 | 3.62 | 0.83 | 80 5 2.08 | 4.96 
6149.458 | 3.64 | 3.73 |—0.09 | 3.68 | 0.81 | 76 5 1.79 | 4.96 
6173-553 | 5-14 | 5.10 |+0.04 | 5.12] 0.58 | 90 5 1.58 | 4.07 
5247.737 | 4-61 | 4.89 |—0.28 | 4.75 | 0.62 | 184 12 TiO) Ala 2 

5250. OL 2.00) \2 5 SON On TOM omc hain On mn! 2 DotA eae 
52531033 1) 2000) | e2e30nl-OnsO nen SAN suet onimEsa R Dek4 472 
5263.486 | 2.00 | 2.06 |—0.06 | 2.03 | 1.47] 54 4 TOSa Ame 
5300.929 | 2.06 | 2.96 | 0.00 | 2.96] 1.01 | 50 3 ig eye | Alpe 

VII. .}45304.355 | 4.46 | 6.15 |—1.69 | 5.30] 0.58 | 47 3 2.94 | 4.74 
5325. 5E5 || 2602012 02-0. fONle 2.07 8 etn AaneT 4 TOL 47S 
53201-1320) | 2.04) 22300 On 4 aula oemie er Aon meSo 3 Tat Zale ens 
5329-975 | 2.75 | 3.98 |—1.23 | 3-36] 0.92] 48 ° 2.07 | 4.75 
§340.639 | 4.73 | 3-§8 |--1.15 | 4.16 |.0.73 |) 45 3 2.60 | 4.75 

$348. 511 |'1.79 | 1.20 | 40.50 / 12544 17981) 53 5 0.95 | 4.75 
4406.810 | 2.88 | 3.13 |—0.25 | 3.00 | £.00] 34 2 I.28 | 4.50 
4418.499 | 3-14 | 3.04 |+0.10 | 3.09] 0.97 | 36 I I.IO | 4.51 

VIII. |; 4421.733 | 3.33 | 5-74 |—2.41 | 4.54] 0.72 | 52 3 2. T2 Anat 
4430.785 | 3.09 | 3.04 |+0.05 | 3.06 | 0.98 26 2 T.OLW 450 
AAZSROOON | Serene 2 OO) | ores ZOOM eneAL IQ 2 |=1.44 | 4.51 

I 


and the smallness of the unit in which the differences are expressed 
(1 »), the internal agreement is very good, especially for Series V 
and VII, which include later measures and plates of somewhat 
better quality. 
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5. CONFIRMATION OF THE EXISTENCE OF THE SUN’S 
GENERAL FIELD 


It is appropriate at this point to remark upon the character 
of the evidence now presented as bearing upon the existence of 
the sun’s general magnetic field. It is scarcely necessary to state 
that it confirms the results of the preliminary investigation. For 
example, a moment’s inspection of Tables V—VIII shows that 
the displacements of the twenty-six additional lines agree with 
those found for the four lines discussed in Mount Wilson Contribu- 
tion, No. 71. The algebraic signs are opposite in the northern and 
southern hemispheres and give the same magnetic polarity as was 
deduced from the earlier results. Such differences as occur relate 
mainly to the amplitude of the displacement-curves, and this is 
determined by the field-strength at the points in which the differ- 
ent lines originate and the magnitude of their respective Zeeman 
separations, modified to some extent perhaps by systematic influ- 
ences depending upon line-intensity. 

Comparing the variation of the displacements as a function of 
latitude with the theoretical behavior of a uniformly magnetized 
sphere, we find as before an agreement that is within the limits of 
the uncertainty affecting the measured displacements. Moreover, 
the small differences in the values of A,,; for the northern and south- 
ern hemispheres, which have been collected in Table IX, leave no 
doubt as to the correctness of the original estimate that the inclina- 
tion of the magnetic axis to the solar axis of rotation cannot exceed 
a few degrees. 

Added weight is given to these conclusions by the precautions 
taken to avoid physiological error and by the independent confirma- 
tion of the displacements by measurers who were entirely ignorant 
of the data of observation. But by drawing upon the results of 
another investigation, which will be published in detail later,’ we 
can make the case even stronger. 

In the present paper we have been content to indicate that the 
inclination of the sun’s magnetic axis does not exceed a few degrees 
and may be disregarded without appreciably affecting the results 

«See, however, a preliminary account in Mount Wilson Communication, No. 50; 
Proceedings National Academy of Sciences, 4, 4, 1918. 
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of the discussion. It is easy, however, to rearrange the fundamental 
equation (1) in such a way as to derive from suitably arranged 
observations made on a single day a value of the quantity 


Y =tan 7 cos A (9) 


The longitude \ varies from day to day, and a comparison of the 
values of Y for different days extending over a sufficient interval 
will enable us to determine the inclination 7 and the period of 
revolution P. From an extended series of observations on three 
chromium lines, \ 5247, \ 5300, and A 5329, it has been found that 
the calculated values of Y are actually in close agreement with a 
periodic function of the form of (9).” 

It is of interest to consider the implications of this result. The 
curve of displacements defined by equation (1) is very nearly a sine 
curve. Disregarding D, which is always small, the curve will pass 
through the origin if z is zero. In general, for =o, 


kA=—z2 sin D cosi+4 cos D sini cos X, (10) 


and since 7 as well as D is small, the curve always passes near the 
origin, A, having values that are sometimes positive and sometimes 
negative. 

Thus the changing position of the magnetic axis caused by its 
revolution around the sun’s axis of rotation produces a small shift 
of the displacement-curve in its own plane, together with some 
change of form; and from these second-order effects the inclination 
and period have been derived. Since the three lines selected for 
the investigation were observed on sixty-three days (the observa- 
tions extend over an interval of one hundred and ten days), nearly 
two hundred separate curves enter into the calculation. Not only 
is the characteristic form revealed in every case, but, of far more 
importance as evidence of the reality of the field, the curves for 
the separate days are so related in form and in position with 
respect to the origin that the second-order quantities Y satisfy 
equation (9) throughout the entire series, including more than 

*It may be added that the resulting value of i is 6°2+0°4, while the magnetic 
axis revolves about the sun’s axis of rotation in a period of 31.79+0.31 days. 
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three complete revolutions of the magnetic axis about the axis 
of rotation. 
Various details are illustrated by Figs. 3 and 4. The first gives 

a series of displacement eurves for two dates, September 2 and 14, 
1914—both the original observations and the theoretical curves— 
based upon the unknowns 
cos 7 sin 7 cos X 

k ne ae 


calculated from the data for the respective days. Aside from the 
close accordance of the plotted points, the shift in the position of 
the curves with respect to the origin is to be noted. Since D was 
sensibly constant and equal to +7°2, the change in the algebraic 
sign of A for ¢=o indicates a similar change in the sign of 
Y=sinzcosA; see equation (10). The northern end of the 
magnetic axis was accordingly directed toward the observer on 
September 2 (A near o°) and away from him on September 14 
(A near 180°). Fig. 4 shows the close agreement of the values of 
Y=y/x with equation (9g). These results, particularly those 
illustrated in Fig. 4, exhibit a degree of internal consistency which 
is a searching test of the validity of the conclusions as to the 
existence of the sun’s general field. 

On the other hand we must consider the significance of the 
negative results from the lines listed in Table IV, which are not 
affected to any measurable amount by the sun’s general field, 
although all of them are susceptible to the action of the magnetic 
fields in sun-spots. Certain aspects of the question thus raised are 
discussed in a later section. At present it is sufficient to state that 
the probabilities established by the evidence favorable to the exist- 
ence of the field are so great that the negative results are presumably 
to be attributed to some class distinction separating the two lists of 
lines. 

Our experience indicates that a very considerable number of 
lines will ultimately be found to show the influence of the sun’s 
general field. The list of elements represented by displaced lines 
now includes iron, chromium, nickel, vanadium, and titanium, but 
it will doubtless be possible to add other elements. 
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$6 


0° 4 


5 247.737 


I914 Sept I4 
5247737 


Fic. 3.—Displacement-curves for September 2 and 14, 1914. Abscissae are 
heliographic latitudes. Ordinates are displacements, the scale being 1 division of 
diagram=o.005 mm. The curves, which correspond to equation (1), have been 
derived from the observed values of A. Their ordinates for ¢=o represent the com- 
bined influence of D,i,and \. The data for the three lines give, as mean values of 
Y=tanicos\, +0.213 for September 2 and —o.159 for September 14. These are 


plotted as single points in Fig. 4, together with similar values of Y for each of the 
other dates. 
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6. CALCULATION OF THE FIELD-STRENGTH 


The results in Table [X are now to be combined with the labora-. 
tory data in the fourth, fifth, and sixth columns of Table X, where C, 
the magnetic separation for a field of one gauss, is expressed in 
o.ocoor A as a unit. The values of A,; in the seventh column, 
expressed in the same unit, depend on the sixth and last columns 
of Table IX. The field-strength at the magnetic pole of the sun, 
which, it should be repeated, is here considered to be a uniformly 
magnetized sphere, is then found from C and A,; by equation (5). 


angst JULY AUG SEPT 


Fic. 4.—The curve Y=tani cos). Each plotted point is derived from data of 
a single day similar to those illustrated in Fig. 3. Approximate values of z, P, and fo 
were read from a provisional curve. Differential corrections derived by a least-squares 
solution gave the final values, which correspond to the curve shown in the figure. 
The close agreement of the values of Y derived from the observed displacements with 
the theoretical curve is a most exacting test of the existence of the sun’s general field. 


Several of the laboratory data are from Mr. King’s table" for 
iron, but most of the lines had to be specially observed. In spite 
of the great difficulties involved in the laboratory investigation of 
faint lines, Mr. Babcock has succeeded in determining C for all but 
four of the lines. One of these is unidentified, a second is a chro- 
mium line of intensity o, and the others are the iron lines \ 5928.013 
and 5929.898, both of solar intensity 2. In the previous paper 
doubt was expressed as to the reliability of the identification of 
X 5929-898 with iron. The line has since been observed by Mr. 
Babcock in the spectrum of the core of the iron arc, but it does not 
appear in the spark and its separation by the magnet has not yet 
been determined. Hence we must still depend upon the approxi- 
mate value of C derived from its separation in spots. 


* Papers Mt. Wilson Observatory, 2, Pt. 1; Carnegie Institution Publications 
No. 153, 1912. 
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Laporatory DATA AND FIELD-STRENGTH 
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REMARKS RELATING TO LABORATORY DATA 
4406 ‘Two groups each of p- and 2-components, much widened. 


4421 Weighted mean separation, based on measures of unresolved components. 
4438 Components wide, but separation well determined; two sharp p-components. 
5329.3 Only one p-component. Diffuse. 


5329.9 Very weak and diffuse. Perhaps two p-components. 


5340 Weak on laboratory plates. 

5348 Two narrow groups of m-components; probably three or four in each, unre- 
solved. 

5831 p-components not observed; 2-components not sharp. 

5856 p-components not observed. 

5928 Completely covered by an air line in spark. Inductance sufficient to cut 
out air line obliterates the iron line. 

5929 Not observed in spark. C from observations of sun-spots. 

6007 Difficult; p-components not observed. 

6039 ‘Two narrow groups of z-components, unresolved. 

6079 ‘Two m-components; violet n-component blended with adjacent line. 

6111 Very difficult; p-components not observed; two n-components. 

6119 Three groups of four components each. Measures of high weight, but C is 
approximate because of unequal intensities of m-components. 

6129 Difficult; p-components not observed. 
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The results for the structure of the lines are far from complete. 
In several cases the number of components is uncertain or unknown. 
The number of normal triplets is relatively small; nevertheless the 
theory developed for lines.of this class or, more generally, for those 
with three groups of components of definite intensity relations,? has 
been applied to all of the lines observed. The error thus involved in 
cases of unusual structure is probably small, for the field-strength 
is based upon the displacement at ¢=45°, where the inclination of 
the line of sight to the lines of force is so small that the p-components 
and one group of the m-components are not transmitted to any 
appreciable extent by the analyzing apparatus of the spectrograph. 
Consequently the displacements must be nearly independent of the 
structure of the lines.?, But A,; is not alone the result of observa- 
tions at ¢=45°, for it includes displacements observed throughout 
the interval ¢=20° to ¢=69°. The substantial agreement of 
values of A,; found from different latitudes leads, however, to the 
conclusion that the influence of complex structure is unimportant. 

The weights of H, in the last column of Table X have been 
assigned after a consideration of various circumstances that affect 
the precision. Both faint and strong lines are difficult to measure. 
Thus far it has not been found possible to use lines fainter than o, 
while the large scale of the photographs gives to lines of intensity 
4 or 5 a width that greatly increases the difficulty of the settings. 
Lines of intensity 2 or 3 are perhaps most easily measured, but, 
independently of intensity, contrast and sharpness enter to such a 
degree that general statements must be cautiously made. Further, 
the number of observations naturally influences the precision of 
A,;, the reliability in this respect being indicated by the data in 
Table IX. On the laboratory side there is also a wide range in 
precision, according to the number, character, and the more or less 
perfect resolution of the components of the individual lines. The 
adopted weights represent an attempt to strike a balance between 
these different factors. 

It will be noted that the value of H, for \ 5929.898 (18.3 
gausses) differs widely from that of 28 gausses previously published. 

1 Mt. Wilson Contr., No. 72, p. 11; Astrophysical Journal, 38, 109, 1913. 

2 Mt. Wilson Contr., No. 72, p. 12; Astrophysical Journal, 38, 110, 1913. 
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The discrepancy arises from the large systematic difference between 
the measures of Miss Lasby and van Maanen. The original value 
was based upon the mean of the two series of measures, while, to 
secure homogeneity with the other results, that of Table X depends 
on the measures of van Maanen alone. 

We desire at this point to express our obligations to Miss Rich- 
mond, Miss Wolfe, and Miss Felker of the Computing Division for 
their assistance with the least-squares reductions and the extensive 
calculations necessary for the determination of the field-strength 
from the individual lines. 


7. VARIATION OF FIELD-STRENGTH WITH INTENSITY OF 
THE LINES 


From an examination of Table X it is evident that the values 
of H, vary with the intensity of the lines observed. To exhibit the 
nature of this relation, the data have been collected in Table XI, 
which also gives the weighted mean field-strength (the weights are 
in parentheses) corresponding to lines of each intensity for each of 
the elements thus far observed. It will be noted, that in general 
the values of H, corresponding to a given intensity, at least for any 
single element, are approximately equal. In the case of iron, inten- 
sity 2, for example, the agreement is surprisingly good, with the 
exception of the result for } 5856. The mean results are shown 
graphically in Fig. 5. 

In forming the means, the iron lines \ 6079 and 46149, which 
are slightly enhanced, perhaps should have been omitted, since 
lines of this character probably correspond to a higher level than 
that indicated by unenhanced lines of the same intensity. The 
mean field-strength would not, however, have been appreciably 
modified. The single titanium line \ 4418 is also enhanced, though 
not to an important degree. 

For iron and chromium we find a rapid decrease in field-strength 
with increasing line-intensity. For vanadium, nickel, and titanium 
the data are too slender to establish independently the nature of 
the relation; but, including lines of all intensities, the mean value 
of H, for each of these elements is in general agreement with the 
results for iron and chromium. The field-strength for iron, line- 
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intensity 0, is large in comparison with the corresponding value for 
chromium and may be considerably in error, for it depends upon a 
single line, difficult of measurement on the solar plates and trouble- 
some to investigate in the laboratory because of its faintness. 

In a series of important papers’ Mr. St. John has shown in a 
convincing way that lines of increasing intensity represent succes- 
sively higher levels in the solar atmosphere. In accordance with 


Fic. 5.—Variation of field-strength (ordinates, in gausses) with the Rowland 
intensity (abscissae) of lines in the solar spectrum. 


the suggestion on an earlier page, the data for field-strength and 
intensity in Table XI and Fig. 5 are therefore open to interpreta- 
tion as the result of a variation of field-strength with level, and 
would indicate that the intensity of the sun’s general field de- 
creases rapidly in passing upward from the level represented by 
lines of intensity o. 

In the main, the curves of Fig. 5 are in agreement with Mr. St. 
John’s measures of radial velocities in sun-spot vortices. Thus 


* Mt. Wilson Contr., Nos. 69, 74, 88; Astrophysical Journal, 37, 322 38h 4 
1913; 49, 356, 1914. 
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we find from his chart* that lines of iron, chromium, vanadium, and 
nickel having the same intensity occur at approximately the same 
level, while titanium lines are relatively higher by one unit of 
intensity. In other words, we should expect the curves to lie close 
together, as they actually do. The systematic difference for iron 
and chromium is probably real. The lines observed may actually 
occur at slightly different elevations, as the two curves would indi- 
cate, for we are dealing with a limited number of lines observed 
over the general solar disk, while St. John’s results are averages for 
large numbers observed at the outer edge of the penumbrae of 
sun-spots. 

But, as already stated, the correlation of the observed changes 
in field-strength with variations in level depends upon the assump- 
tion that the measured displacements are free from systematic 
errors which vary with the intensity of the lines observed. It is 
therefore important that the question of systematic errors be given 
careful attention. 


8. SYSTEMATIC ERRORS 


Comparing the results of different observers, the displacements 
determined by Miss Lasby’? appear to be 50 per cent larger than 
those by van Maanen, and seem also to have been in excess of those 
found by Mr. Adams in his trial measures. On the other hand the 
mean values for Miss Richmond and Miss Felker in Table I are 
appreciably smaller than those by van Maanen. Further, disregard- 
ing the inconclusive discordance for \ 5928, the measures by van 
Maanen are in satisfactory agreement with those from the Koch 
registering photometer, although the data are insufficient for final 
conclusions. 

Personal errors, however, we may suppose to be approximately 
constant, and should not therefore affect the relative values of the 
field-strength derived from lines of different intensities. Depending 
upon the measures of a single observer, the data discussed in this 
paper should be homogeneous, and it is highly improbable that the 

1 Mt. Wilson Contr., No. 74, p. 5; Astrophysical Journal, 38, 345, 1913. 

2 Mt. Wilson Contr., No. 71, p. 63; Astrophysical Journal, 38, 87, 1913. 

3 Mt. Wilson Contr., No. 71, p. 32; Astrophysical Journal, 38, 56, 1913. 
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important relation between field-strength and line-intensity should 
be a consequence of personal error. 

Approaching the question of systematic errors from a different 
direction, we are confronted by the following apparently contra- 
dictory results: 

1. The three lines  5329.329 (Cr, 3), \ 5812-139 (Fe, 0), and 
\5828.097 (—, 0) show displacements in the second order which are 
sensibly equal, when reduced to the same scale, to those observed 
in the third order (van Maanen estimates the intensity of \ 5329 
on Mount Wilson plates to be 2). 

2. In third-order spectra the lines \5247.737 (Cr, 2) and 
d5929.898 (Fe, 2) both show displacements attributable to the 
sun’s general field, although neither is appreciably displaced in 
second-order spectra (van Maanen’s estimate of the intensity of 
5247 on Mount Wilson plates is 3). 

3. The lines \6173.553 (Fe, 5) and \6302.709 (Fe, 5) have 
wide separations of nearly equal magnitudes in the spectra of sun- 
spots. The former shows one of the largest displacements thus 
far observed in the case of the sun’s general field (the measures are 
of third-order spectra); but the latter, 6302, has no measurable 
displacement in the first, second, or third orders.1 (On Mount 
Wilson photographs \ 6302 is decidedly stronger than A 6173 and 
much more difficult of measurement.) 

It is difficult to find in these results any influence certainly due 
to intensity. The fact that the intensities of the lines under (1) 
are less than those under (2) might be suspected of having some- 
thing to do with the failure of \ 5247 and \ 5929 to show displace- 
ments in the second order. But we should then be at a loss to 
know the bearing of this inference upon the third-order results for 
lines of high intensity, such as \6173 and 6302, referred to 
under (3); and the difficulty would only be increased when we 


* This statement refers to the mean result from a number of photographs extend- 
ing over a wide range of heliographic latitude. Small displacements are shown by 
individual groups of spectrum strips which are probably real in part, although perhaps 
not the result of a magnetic field. Small irregularities of photographic density may 
produce appreciable shifts, but these will be accidentally distributed, and have nothing 
to do with the systematic displacements produced by the general field. Note in this 
connection the results for the registering photometer given on p. 6. 
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attempted to account for the behavior of the faint line \ 6012.450 
(Ni, 1), which has a very large displacement in the spectra of sun- 
spots and none at all in the general-field photographs. Clearly 
something besides line-inténsity is involved in these phenomena. 

There are reasons for believing that the amount and distribution 
of the photographic density across a line are factors of importance 
in the measurement of minute shifts.‘ Both the lines which are 
undisplaced in the second order have sharp edges and show strong 
contrast on the photographs taken in this order. The third-order 
images of these lines, and both second- and third-order images of 
the lines mentioned under (1), are much flatter. Their density- 
curves have neither the steepness nor the height that characterize 
the second-order photographs of 45247 and 5929; and, in general, 
lines that show displacements do not possess intensity-curves of 
this type. The minimum density within a line (the reference is to 
the negative) and the contrast vary with exposure and develop- 
ment. Very faint lines naturally give difficulty in measurement, 
but low density and excessive contrast also produce unsatisfactory 
results. The ease of setting 1s of course greater in the case of 
sharp narrow lines, but for such lines displacements have not been 
detected. 

These facts may perhaps be explained by supposing that it is 
the point of minimum density—the highest point of the intensity- 
curve—rather than the edges of the line that determines the value 
of a setting. In cases of excessive contrast the middle of the line 
is likely to be under-exposed and it will then be impossible to locate 
the minimum with precision, for throughout the central section 
there will be no appreciable deposit of silver. 

The explanation also applies to the peculiar behavior of 6302 
described under (3). On the Mount Wilson photographs its inten- 
sity is at least two units greater than that of \6173. In the third 
order it is so broad and diffuse that satisfactory measurement is 
impossible, while in the first and second orders the contrast and 
density are such that the point of minimum density cannot be 
located; \ 6173, on the other hand, is well suited to measurement. 


xIn addition to the accompanying discussion, see also Hale, Mt. Wilson Contr., 
No. 71, p. 50; Astrophysical Journal, 38, 74, 1913. 
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It seems likely, therefore, that the form of the intensity-curve 
rather than intensity in the usual sense is a controlling factor in the 
detection and measurement of the displacements. This conclusion 
is not directly an answer to the inquiry as to the existence of system- 
atic errors depending upon intensity, but it seems to account for 
the irregularities that might have been attributed to such an 
influence, and we are thus left without any evidence which would 
indicate that such errors have entered into the results. Tenta- 
tively, we are therefore disposed to accept the relation between 
field-strength and intensity illustrated by the curves of Fig. 5 as 
an indication of a decrease in the field with increasing level in the 
solar atmosphere. 


Q. DISCUSSION OF THE RESULTS IN RELATION TO LEVEL IN 
THE SOLAR ATMOSPHERE 


To examine further the results in relation to elevation in the 
solar atmosphere, they have been compared with the flash-spectrum 
measures of Mitchell.2, A number of the lines employed were ob- 
served by him in the chromosphere; but in the nature of the case 
the precision of the calculated levels is less than that required to 
make the comparison effective, and we are therefore obliged to use 
mean levels. To this end the results calculated from the length of 
the chromospheric arcs were taken from Mitchell’s tables for indi- 
vidual lines and grouped into means for each intensity unit of Row- 
land’s scale. All blends and bracketed wave-lengths were omitted, 
and to avoid photographic influences only those lines between \ 4000 
and ) 5000 were included. 

This limitation is necessary in order that the calculated levels 
for the different elements may be comparable. The distribution 
of the lines throughout the spectrum is different for different ele- 
ments, and, since the sensitiveness of the photographic equipment 
changes with the wave-length, systematic differences between the 
different intensity-and-level curves are likely to enter unless the 


*A method of testing this question by measurements in the second and third 


orders of lines slightly displaced by the weak fields surrounding sun-spots will be tried 
in the future. 


Publications McCormick Observatory, 2, Pt. 2; Astrophysical J ournal, 38, 407, 
IQI3. 
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data relate to the same limited region of the spectrum. An excep- 
tion, however, was made in the case of nickel, for which the region 
4 5000-) 6000 was also used in order to compensate for irregularities 
in the interval \ 4000-A 5000. 

The mean levels thus derived (in kilometers) have been entered 
in Table XI. Those for iron, chromium, and nickel show a regular 
increase in elevation with decreasing field-strength. For vana- 
dium and titanium the results are discordant, but the evidence is 
inconclusive. Although the levels for these are systematically 
higher than for the corresponding intensities of other elements, 


Fic. 6.—Variation of field-strength (abscissae, in gausses) with elevation in the 
solar atmosphere (ordinates, in kilometers). The levels require correction as described 
in sec. 9. 


the extreme range, including all elements, is small, and apparently 
that portion of the sun’s general field effective in producing the 
observed displacements is limited to a very thin shell in the solar 
atmosphere. The results are illustrated in Fig. 6. 

Various reservations and exceptions to these conclusions immedi- 
ately suggest themselves and have now to be considered. 

First, we have tacitly assumed that lines of a given element and 
intensity correspond to the same level in the sun’s atmosphere 
independently of wave-length. But we have reason to believe that 
the levels determined from line-intensity are affected by scattering,* 
which certainly varies with the wave-length; in addition there may 
be influences depending on wave-length which are peculiar to the 
different elements. We can remove the effect of scattering by the 


«St. John, Mt. Wilson Contr., No. 69, p. 17; Astrophysical Journal, 37, 338, 1913. 
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application of an appropriate correction; but possible disturbances 
arising from other causes will be so involved with various uncer- 
tainties inherent in the observation of flash spectra that their con- 
sequences are necessarily disregarded. 

Secondly, elevations derived from flash spectra must be accepted 
with caution, owing to the fact that for different elements lines 
having the same solar intensity may behave quite differently in the 
chromosphere, some showing much greater intensities in the flash 
spectrum than others. Since lines of high intensity are represented 
in such spectra by relatively long arcs, the calculated levels may 
exhibit differences that are wholly fictitious. Such, for example, is 
the case with vanadium as compared with the other elements 
observed. 

Thirdly, since the evidence for relatively greater elevation in the 
case of the enhanced lines seems unquestioned, it is not permissible 
to disregard this fact in the combination of the data now under 
discussion. 

For a change in wave-length of 1000 A the influence of scattering 
is equivalent to about one unit of intensity," lines to the red corre- 
sponding to a relatively lower level than their observed solar inten- 
sities would indicate. Levels assigned on the basis of the observed 
intensity will therefore be too high in the red and too low in the 
blue. The corrections apparently should vary directly as the fourth 
power of the wave-length, and may be derived with the aid of the 
levels in Table XI, care being taken to use for each element the 
rate of change in elevation per unit of intensity corresponding to 
the element and intensity in question. 

As a matter of convenience we reduce the elevations to \ 5300, 
the wave-length of the chromium lines. The corrections in kil- 
ometers are given in Table XII. 

To study the consequences of abnormal behavior of any element 
in the chromosphere, we may compare the intensities of its lines 
in the flash spectrum with those of the flash-spectrum lines of other 
elements. Flash intensities do not ordinarily correspond to those 
of the general solar spectrum. Lines of faint solar intensity com- 
monly have flash intensities which are one or more units higher than 

St. John, loc. cit. 
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the Rowland values, while the stronger lines of the general solar 
spectrum have relatively low intensities in the chromosphere. 


TABLE XII 


CorRRECTIONS TO LEVEL DEPENDING ON WAvVE-LENGTH 


Intensity 
Element|——— 
° I 2 3 4 5 
FEES PL eet + jel een eee 5753, —18 | 4840, +17 5263, 0 6173, —45 
INR eer oe SOSOH — LF. EOLTT tO | racer eon ee rene nate here een 
Neen 5350, OL OTTO; —= 25 |CAAOO sk 7: | Serres sk il crater | reer 
EL temeat| te cart os, tons c RATS Gat ODi\Wo ces apes paces | Sisters eee heal eo oe te oe ete | Cee 


For the intensities involved in this investigation the behavior 
of iron and chromium in the chromosphere is substantially the same, 
and the levels calculated for their respective lines should be com- 
parable, in so far as the point now under discussion is concerned. 
But with nickel, vanadium, and titanium there are deviations to 
be considered, which are indicated by Table XIII. For example, 


TABLE XIII 


FLasH INTENSITIES 


FrasH INTENSITY DEVIATIONS FROM FE AND CR 
SOLAR 
INTENSITY z , 
Fev Gr Ni Vv Ti Ni Vv Ti 
Ougesyosts sisal 0.4 0.6 0.9 0.5 ——Onz —0.5 —o.I 
GRU Wet ery at aye ois 0.7 I.I I.4 I.0 Onl Oa] —0..3 
DA se, Sn RT tO a5 2a iets Ons at eD —On5 
Ser aiaya Mist 852 a I.4 ZAR) 1.8 0.0 —1.6 —0.4 
Aer Mor Raster 22 2.0 ee 4.0 2a +0.7 —2.0 —o.2 


the relatively high flash intensities of vanadium as compared with 
iron and chromium lines of the same solar intensity will lead to 
calculated levels that are too high, unless suitable corrections are 
applied. To derive such corrections, the flash-spectrum intensities 
may be plotted against the levels given in Table XI under the cor- 
responding solar intensities. The changes in level corresponding 
to the differences of flash intensity in the last three columns of 
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Table XIII can at once be read from the curves thus defined. The 
results thus found are given in Table XIV. 


TABLE XIV 


CORRECTIONS DEPENDING ON ABNORMAL FLASH INTENSITY 


Solar Intensity 


Element oa 
° I 2 
IND che ateve outa CESS oe Rome —13 —16 
Nissans —50 —45 —48 
TSA. sae ceded eee eae = BO Nita aoe eeeree 


Finally, to arrive at a rough correction of the levels of the 
enhanced lines 6079 and \ 6149 which will reduce them to the 
system of the other lines, we may make use of the results of Mr. 
Adams on the displacement of lines at the sun’s limb.* These show 
that the enhanced lines are shifted by larger amounts than unen- 
hanced lines of the same intensity. For \ 6079 and d 6149 he finds 
shifts of +o.009 and +0.o10 mm, respectively. These are equal 
to the displacements of unenhanced lines whose intensities are at 
least two units greater than those of the lines in question. We 
accordingly find corrections of +75 km. The result is not very 
reliable, but the scanty data available suggest that the corrections 
should be larger rather than smaller. The corresponding effect 
upon the level for iron lines of intensity 2 given in Table XI is 
+25 km. 

The application of this and the corrections in Tables XII and 
XIV to the levels in Table XI gives the values which are provision- 
ally adopted as corresponding to the mean field-strengths. These 
results also appear in Table XI opposite the word ‘‘Adopted.”’ 

With this revision of the levels, the curves of Fig. 6 assume the 
form shown in Fig. 7. Notwithstanding the tentative character of 
several of the corrections, an improved agreement is noticeable in 
various directions. The iron and chromium curves are now nearly 
coincident, and four of the five vanadium lines, which before were 
seriously discordant, are now in excellent agreement with iron and 
chromium. The fifth vanadium line, \ 4406 (2), and the single 

* Mt. Wilson Contr., No. 43; Astrophysical Journal, 31, 30, 1910. 
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titanium line, \ 4418 (1), remain discordant, and the agreement for 
nickel is less satisfactory than before. The titanium line is slightly 
enhanced and presumably something should be added to the 
adopted level, but the data necessary for the calculation of the 
correction are lacking. It is not surprising, however, that indi- 
vidual lines should have levels which differ from the mean level of 
all lines of the same intensity; and the uncertainty of the correc- 
tions which reduce the results for nickel to \ 5300 is more than 
sufficient to account for the systematic deviation shown by that 
element in Fig. 7. 


Fic. 7.—Adopted variation of field-strength with level in the sun’s atmosphere. 
The elevations (ordinates) are in kilometers and the field-strengths (abscissae) in 
gausses. 


The main point of this detailed discussion of corrections is that 
none of the disturbing influences mentioned is capable of modifying 
essentially what seems to be a fundamental relation between field- 
strength and level in the sun’s atmosphere. Qualitatively the 
results of Fig. 7 are the same as those of Fig. 6, and quantitatively, 
even, the differences are confined within narrow limits. 


IO. INTERNAL EVIDENCE 


It is now possible to point out certain internal agreements in 
the results that add much to the weight of the conclusions. 

First, there is a wide range in the Zeeman separation of the 
components of the various lines under the influence of a constant 
field. Nevertheless, the measured displacements lead to closely 
accordant values for the field. As an example, the iron lines \ 5253 
and 6149, of intensity 2, coefficient of separation about 0.4, 


43 


44 HALE, SEARES, VAN MAANEN, AND ELLERMAN 


give for H, the same value as that derived from A 5929 and ) 6079, 
also of intensity 2, whose coefficient is 0.7. In fact the ten lines 
of intensity 2 may be divided into two groups according to large 
and small values of C, respectively, with mean results as follows: 


G H p Weight No. of Lines 
0.676 19.8 5 3 
0.378 Dehn 9 7 


The two groups of lines give nearly the same value for Hy, although 
for a given field-strength the separations of one group as observed 
in the laboratory are nearly twice those of the other. ‘Their solar 
displacements must therefore bear a similar relation to each other, 
and the precision of the measures has accordingly been such as to 
reflect these differences in the behavior of individual lines. 
Secondly, reference has been made to the systematic difference in 
field-strength for iron and chromium lines of the same intensity illus- 
trated in Fig. 5. The difference does not appear in Fig. 7, and upon 
examination we find that this is due to the circumstance that the 
calculated levels for chromium are higher than those for iron (see 
Table XI), the differences in field and intensity compensating each 
other in such a way that for a given level the calculated strength is 
the same whether we use the lines of iron or chromium. In other 
words the hypothesis of a change of field with level reconciles the 
differences of Fig. 5, and the observed displacements for these two 
elements differ by just the amount required for them to yield the 


same field-strength for a given elevation. 
Thirdly, the application of the corrections derived in the preced- 


ing section led in general to an improved agreement. Since all of the 
corrections are based upon the hypothesis of levels, the accordance 
of the final results is in favor of the applicability of this hypothesis. 


II. FAILURE OF CERTAIN LINES TO REVEAL THE GENERAL FIELD 


The influence of the density and contrast of a spectral line upon 
the detection of displacements due to the sun’s general field has 
already been discussed. The apparently great importance of these 
factors raises a question as to the part they may have played in 
producing the negative results summarized in Table IV. It is cer- 
tain, however, that the character of these lines is not wholly respon- 
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sible for the absence of measurable displacements, and it is unlikely 
that it has had any considerable influence, for many of the lines 
are of a satisfactory quality. 

It is evident, therefore, that in the case of Table IV we are 
dealing with an anomaly of another kind. All of the lines there 
listed show displacements in the spectra of sun-spots. For some 
of these lines the separation of the components in spots is less than 
the average spot-separation of the lines in Table I, but the behavior 
of others (for example, \ 6005, \ 6012, and \ 6081) in spots is entirely 
comparable with that of the lines in Table III. The line \ 6012 
(Ni, 1) is especially noteworthy. Its components are more widely 
separated by the magnetic fields in sun-spots than those of any of 
the lines in Table III excepting \ 6173 (Fe, 5); but on the general- 
field plates it shows no appreciable displacement, although other 
lines of similar intensity on the same photographs, such as \ 6007 
and \ 6039, are certainly displaced. 

There is obviously a lack of parallelism between the results for 
spot fields and for the sun’s general field. At present no complete 
explanation of these differences can be given; we can only offer 
various suggestions that later experience may prove to be of more 
or less significance. 

In general it is to be noted that sun-spot fields extend over a 
much greater range of level than can at present be explored in the 
case of the sun’s general field. Moreover, the conditions of pres- 
sure, temperature, and ionization are more or less different in the 
two cases; and it is not surprising that complete parallelism in 
results should not be found for fields existing under such diverse 
conditions. It seems not improbable that, in the sun’s general 
atmosphere, some of the lines listed in Table IV originate outside 
the thin shell of a hundred or more kilometers’ thickness which 
seems to include that part of the field now accessible to observation. 

A careful examination of the displacements in sun-spot vortices 
by Mr. St. John and Miss Ware reveals no essential difference 
between the two classes of lines. On the other hand, Mr. King, 
from a consideration of temperature conditions, finds for chromium 
and vanadium, at least, some indication of a class distinction. His . 
conclusions are as follows: 
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The iron and nickel lines of Table III are faint in the arc and 
for the most part have not been observed in the furnace. The 
chromium and vanadium lines are usually strong at all furnace 
temperatures. The vanadium lines ) 4438 and A 6120 are relatively 
strong at the lowest temperature at which the spectrum appears. 

Table IV contains no lines which are in any respect low- 
temperature lines. The iron lines are of the type seeming to 
require not only high temperature but high-vapor density. They 
are shown best by the core of the arc and by the tube-arc, and with 
great difficulty by the furnace and the spark. Two titanium lines 
and one calcium line are produced by the furnace, but are faint or 
absent at low temperature. 


I2. THE LOCAL-WHIRL HYPOTHESIS 


In Mount Wilson Contribution, No. 71, it was suggested that the 
general magnetic field of the sun might result from the combined 
effect of a great number of local whirls. Evidence opposing this view 
was offered, but the material available for discussion was insufficient, 
and we may now return to a consideration of the suggestion, which 
is regarded favorably by both Birkeland‘ and Brunt.? 

The hypothesis assumes the existence of a large number of 
minute spots or pores, too small to be distinguished as such, but 
having magnetic and other properties similar to those of visible 
spots. Recent investigations at Mount Wilson show these prop- 
erties to include: 

t. An almost universal tendency of spots to occur in pairs, the 
chief members of which are of opposite magnetic polarity. This 
tendency to form bipolar groups was shared by the few extremely 
small spots which appeared near the last sun-spot minimum, when 
the general magnetic field was under observation. 

2. The preceding members of bipolar spot-groups, in the great 
majority of cases, are of opposite polarity in the northern and 
southern hemispheres. 

3. Since the last sun-spot minimum the preceding members of 
bipolar groups have been opposite in polarity to those observed in 
the same hemisphere before the minimum. 


* Comptes Rendus, 157, 304, 1913. ? Astronomische Nachrichten, 196, 169, 1913. 
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4. The magnetic axes of sun-spots are in approximate coinci- 
dence with solar radii. 

5. The strength of the magnetic field of a spot is roughly pro- 
portional to its area. 4 

Minute bipolar spots, even if distributed uniformly over the sun, 
could not account for the general field, for the following reasons: 

1. If the members of each bipolar group were of equal field- 
strength, they would exactly neutralize each other in their com- 
bined effect. 

2. If, as is usually the case, the preceding members of bipolar 
groups were larger, on the average, than the following members, 
the polarity of a general field due to their predominating magnetic 
influence should have reversed at the sun-spot minimum. Our 
observations show, on the contrary, that the polarity of the general 
field did not reverse at the minimum. 

Suppose we assume, however, that the minute dark spaces 
between the brighter granules of the solar surface represent small 
single spots, opposite in polarity in the northern and southern 
hemispheres. It is not clear why they should fail to show the 
bipolar characteristics of larger spots, but, as single spots with 
almost no indications of bipolar structure are not very uncommon, 
we may make this assumption. It is more difficult to admit the 
possibility that their polarity did not reverse at the sun-spot mini- 
mum, because single spots, as well as bipolar groups, shared in 
this remarkable change. In any case, however, the hypothesis 
must face the fact that the magnetic axes of visible spots are 
very nearly radial, and that the granulated structure is best seen 
at the center of the sun, as though we were looking down through 
the bright granules into the darker regions between them. Under 
such conditions it is hard to see how we could fail to observe the 
Zeeman effect to the best advantage (along the lines of force) at 
the center of the sun, where the general magnetic field shows no 
displacements. If this objection were waived, it would still be 
necessary to assume a distribution of the granules such as to 
account for the observed inclination of the magnetic axis to the 
axis of rotation (6°2). Finally, there would remain the serious 
difficulty, pointed out by Brunt, of supposing that the total charge 
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of electricity in a pore, or in a minute vortex between the granules, 
is almost as great as that required to account for the intense mag- 
netic field in a large sun-spot. 

While for the foregoing reasons we are not inclined to give 
favorable consideration to the hypothesis of local whirls, further 
attempts will be made to overcome the observational difficulties 
of photographing the spectra of the dark spaces between the gran- 
ules on a sufficient scale to detect possible local Zeeman effects. 

In considering the bearing of our results on theories of the solar 
magnetism it should be remembered, quite apart from the question 
of systematic errors, that our highest values do not necessarily 
represent the full intensity of the sun’s field. On the contrary, the 
apparent variation of the field-strength with level in the solar 
atmosphere renders it probable that more intense fields may ulti- 
mately be detected at lower levels. This change of field-strength, 
if actually as rapid as the results seem to indicate, will also afford 
a useful criterion of a satisfactory theory, which must furthermore 
account for the observed inclination of the magnetic axis to the 
sun’s axis of rotation. 


13. SUMMARY 


The present investigation is a continuation of that in Contribu- 
tion, No. 71. Measures of displacements are given for twenty-six 
additional lines in the solar spectrum belonging to the elements 
iron, chromium, nickel, vanadium, and titanium (Tables V-VIII). 
Eighteen other lines (Table IV), all of them susceptible to the 
influence of magnetic fields in sun-spots, show no measurable shift. 
The twenty-six lines, which through changes in position indicate 
the presence of a magnetic field (Table IX), confirm the results 
detailed in Contribution, No. 71, and seem to place beyond reason- 
able doubt the conclusion that the sun behaves approximately as 
a uniformly magnetized sphere (secs. 1, 2, and 5), with the magnetic 
axis only slightly inclined to the solar axis of rotation and a polarity 
corresponding to that of the earth. 

Laboratory data are available for twenty-seven of the thirty 
lines (indirectly, for one line) known to be influenced by the sun’s 
general field. Combined with displacements observed in the solar 
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pectrum, these yield for each line a value of the field-strength at the 
magnetic pole (sec. 6and Table X). An intercomparison of results 
(Table XI) shows that the field decreases with increasing values of 
the Rowland intensity of the respective lines (sec. 7). Since line- 
intensity increases with the level at which the various lines originate, 
it would appear that the strength of the sun’s general field falls off 
rapidly with increasing elevation in the solar atmosphere. 

Using Mitchell’s observations of the flash spectrum, we find 
that the part of the field now accessible to observation lies within 
the bounding surfaces of a thin shell in the solar atmosphere, whose 
thickness seems to be of the order of 150 km (Table XI, Fig. 6). 
The application of certain necessary corrections (Tables XII and 
XIV) improves the internal agreement and leaves outstanding as 
discordant only two of the twenty-seven lines (Fig. 7). With proper 
allowance for peculiarities in the behavior of different elements and 
in the Zeeman effect for individual lines, the results indicate that 
definite values of the calculated field-strength always correspond to 
definite levels in the solar atmosphere. 

Systematic errors in the measured displacements varying in an 
appropriate manner with the intensity of the spectral lines would 
explain the observed dependence of field-strength upon line inten- 
sity; but there is no indication of the existence of such errors 
(sec. 8), and the internal evidence, on the other hand, is strongly 
in favor of the hypothesis of changing field-strength with changing 
level (sec. 10). 

The anomalous behavior of the lines which show no displace- 
ment is not satisfactorily explained. Because of possible peculiari- 
ties of pressure, temperature, and electrical conditions necessary 
for the emission of these lines, they may originate outside the very 
limited region within which it has been possible thus far to observe 
the sun’s general field (sec. rr). 

The underlying causes of the sun’s general magnetic field remain 
obscure. The evidence bearing on the local-whirl hypothesis is 
unfavorable to its acceptance as an adequate explanation of the 
existence of the field (sec. 12). 

Mount WILtson SOLAR OBSERVATORY 

February 1918 
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THE ORBIT OF THE SPECTROSCOPIC BINARY 
BOSS 46 
By WALTER S. ADAMS anv GUSTAF STROMBERG 


The star Boss 46=B.D. 50°46 (a=o812™4; 8=+50° 53’, 
1900.0) belongs to the class of spectroscopic binaries in which the 
calcium lines give values of the radial velocity differing widely 
from those furnished by the other lines in the spectrum. The 
variable velocity of the star was first found from spectrograms 
obtained in 1914 at Mount Wilson, and the announcement of the 
variation was made in the Annual Report of the Observatory for the 
year 1916. ‘The visual magnitude of the star is 6.0 on the Harvard 
scale; its total proper motion is o’o11 annually; and its spectral 
type as determined from our photographs is B3p. The lines in 
its spectrum, with the exception of those due to calcium, are faint 
and diffuse, and a spectrograph oi low dispersion has been employed 
for nearly all of the observations. The precision obtained for the 
calcium lines is considerably higher than for the remainder of the 
lines in the spectrum. 

The list of photographs is see in Table I, together with 
the Greenwich Mean Time of the middle of each exposure and the 
phase based upon a period of 3.5225 days and referred to the 
epoch 1917, January 1.0. In view of the long interval covered 
by the observations the period is known with a considerable degree 
of accuracy. The results for the velocity, as derived from the 
hydrogen and helium lines on the one hand and the calcium lines on 
the other, are combined into mean values for plates taken near the 
same phase. These normal values, together with the mean phases, 
are given in Table I, the number of plates being indicated by the 
figures in parentheses. It was not possible to measure the calcium 
lines upon all of the negatives, since they occur near the end of the 
spectral region photographed, and a dense negative is required for 
the purpose. For this reason the mean phase and the number of 
plates differ in several cases for the hydrogen and the calcium results. 
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Except as noted in the table a dispersion of one prism and a 
camera of 18 inches (45.7 cm) were used in the spectrograph. 
The plates with but two exceptions were Seed Gilt Edge 27. With 
this combination the exposure times averaged from 15 to 25 minutes. 
This relatively short exposure is advantageous in view of the very 
rapid change of velocity in some portions of the velocity-curve. 

The lines measured upon the photographs and the wave-lengths 
employed are as follows: 


haere onan i.s coe BOS ST O2S aL. Inter mere eae 4388. 100 
Gay ee nsee ects ee BZO0SkO25 et LLeay in iret ear nena 4471.646 
Tepes y,. ie km oa ee AOZOK3A2 SMO tere ie ae Oe OO 
1S EA ee eC en ee ATOT SOOO, OE Gain: cee ee 4549.642 
EE OeR oie tagesecie th ee nay ATAS ORO) ltl Serer eee eee 4861 .527 
LE 5 eae ae ee oe AZAOSOS Ae Ghd Cyrene oc. ee eee 4922.0096 


The spectrum of the iron arc was used for comparison purposes on 
all of the spectrograms. 


THE ORBIT AS DERIVED FROM THE HYDROGEN AND HELIUM LINES 


The well-known graphical method of Lehmann-Filhés was 
used for the derivation of the approximate elements of the system. 
These elements were then corrected by means of differential 
formulae, a least-squares solution being used and the eleven normal 
values of Table I being assigned weights according to the number 
of plates involved. A convenient summary of the formulae to be 
employed is given by Plummer in his article on the determination of 
the orbits of spectroscopic binaries.t The resulting definitive 
elements are as follows, the letters having their usual significance. 
The errors given are probable errors. 

U=3.5225 days (assumed) 
K=217.4+3.4km 
W= 323.010; 2 
€=0.094 0.020 
T=1017, January 2.865+0.098 G.M.T. 
y=—44.9+5.5 km 
a sin 7= 10,480,000 km 
ay sin’ 7=3.71 sun’s mass 
« Astrophysical Journal, 28, 212, 1908. 
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The differences between the observed values of the radial 
velocity and those computed from these elements are given under 
O—C in Table I. The average deviation is 7.4km. A graphical 
representation of the velocity-curve and of the observed velocities 
is given in Fig. 1. 


Days) Os sOns 9150) ot.5 62801 yc sono bc MnO mNrAntS 
FIG, 1 


The most convenient form for the calculation of the radial 
velocity at any phase of the period, and hence for the comparison 
of future observations with these results, is by means of a Fourier’s 

: : : : aT 
serles connecting velocity with phase. If we put T= b—-b) we 
may represent the velocity V by the equation 

V=a.+a, cos T+a, cos 27+.... 
+6; sin7+8, sin 27+.... 
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The epoch f, has been taken as 1917, January 1.0. The coefficients 
in this series have been determined in the usual way with the fol- 
lowing result: 


V=—49.3—145.3 cost+18.2 cos 27+10.0 cos 37—5.2 COS 4T 
—147.0sinT+18.2 sin 27— 7.3 sin 37+6.1 sin 4r 


The agreement of the radial velocities computed from this 
formula with those observed is considerably better than that of the 
velocities calculated from the elements, the average deviation 
being 3.0 km instead of 7.4. This result is due to the use of nine 
constants as compared with the five constants of the orbit. 


THE CALCIUM LINES 


An examination of the radial velocities obtained from the cal- 
cium lines seems to give distinct evidence of a small variation with 
the same period as that for the hydrogen lines within the limits of 
error of the observations. If we apply to these results the method 
of representation by a Fourier series, we obtain the following 
equation: 


V=~—23.5— 1-88 COS 7-1 .20 COS-27 —O.56 COs 37 
—10.41 sin T—0.94 Sin 2T—0.42 sin 37 


‘The velocities calculated from this formula when compared with 
the observed values give the residuals shown in Table I. The 
average deviation is 3.3 km. The velocity-curve for the calcium 
lines is shown in Fig. 1, the observations being represented by 
small circles. The motion of the system is —23.5 km. 


THE SPECTRUM OF THE SECOND COMPONENT 


Several of the photographs show evidences of the presence oi 
the second component of the system, and on a very few plates we 
have been able to secure measurements of velocity. They are, 
however, too few in number to be used in the calculation of the 
orbit. The secondary spectrum appears to be of nearly the same 
type as the primary, and the lines are seen most clearly when the 
principal star shows its maximum positive velocity. 
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DISCUSSION OF THE RESULTS 


The principal features of interest in connection with these 
results are as follows: 

1. The variation of velocity shown by the hydrogen and helium 
lines is remarkably large, amounting to nearly 450 km. 

2. The calcium lines indicate a variation in velocity of about 
20 km with the same period as that shown by the hydrogen and 
helium lines. 

3. The motion of the system as derived from the two sets of 
lines differs by about 20 km. 

It is evident that the variation of velocity indicated by the 
calcium lines favors the view that the calcium gas producing these 
lines is connected with the binary system and is not a detached 
cloud in space. This is in accordance with the observations of 
Jordan,’ Lee,? and others on spectroscopic binaries of similar 
character. On the other hand, the difference in the motion of the 
system as derived from the hydrogen and the calcium lines would 
seem to indicate an independent source of origin for the latter in 
accordance with the original suggestion of Hartmann.* It seems 
to us probable that the calcium gas is actually connected with the 
stellar system, and that the difference in the apparent motion of the 
system is not to be interpreted wholly on the basis of velocity. A 
systematic displacement of the calcium lines relative to the other 
lines in the spectrum might readily come about from a marked differ- 
ence in the distribution of the gases around the stars. Whether it 
could amount to as much as 20km is, however, doubtful. A very 
probable source of difference may be the presence of the spectrum 
of the secondary component. As we have already stated, this is 
seen most clearly at the time of maximum positive velocity of the 
principal component. At other times it would blend with the 
stronger spectrum and thus introduce a possible source of systematic 
error into the measured displacements. 

An important result which may have a direct bearing upon this 
question was obtained by Beal at the Allegheny Observatory in 


* Publications of the Allegheny Observatory, 2, 63, IQIo. 
? Astrophysical Journal, 37, 1, 1913. 3 Astrophysical Journal, 19, 268, 1904. 
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1915. A series of observations upon the spectroscopic binary 
» Orionis, which belongs to the class with abnormal calcium lines, 
showed that the motion of the system had undergone a change of 
25 km in the interval between 1902 and 1915. Whether this result 
is interpreted as the effect of the presence of a third body, or as a 
change due to variations in the physical and mechanical conditions 
in the system, it is clear that a factor is introduced which may go 
far toward explaining the results found in the case of Boss 46. 


Mount WItson SoLaR OBSERVATORY 
March 1918 


t Report of the Eighteenth Meeting of the American Astronomical Society. 


57 


Contributions from the Mount Wilson Solar Observatory, No. 150 
Reprinted from the Astrophysical Journal, Vol. XLVIII, PP. 13-34, 1918 


THE VARIATION WITH TEMPERATURE OF THE ELEC- 
TRIC FURNACE SPECTRA OF CALCIUM, STRON- — 
TIUM, BARIUM, AND MAGNESIUM 
By ARTHUR S. KING 


APPARATUS AND METHODS 


The methods used in this investigation for observing the tem- 
peratures at which spectral lines appear and the rate at which they 
increase with rising temperature have been the same, in the main, 
as those employed for the examination of other spectra. The 
electric furnace was operated im vacuo, except for occasional tests 
under other conditions, and the spectra were photographed in the 
first and second orders of a 15-ft. concave grating mounted in the 
vertical spectrograph in the Pasadena laboratory. Spectrograms 
made with a 1-meter concave grating were used for a few lines in 
the ultra-violet and extreme red to supplement those of higher 
dispersion. 

To obtain the various spectra the furnace was charged with cal- 
cium metal in small pieces, strontium chloride or bromide, barium 
chloride, and magnesium metal, both as powder and as fragments 
cut from rods. 

A temperature of 1650°C., produced by a potential of 15 volts 
applied to the graphite tubes regularly used, yielded a considerable 
number of lines for each element. This accordingly was taken as 
the low-temperature stage. As intervals of 350° showed distinctive 
changes in the spectra, temperatures of approximately 2000° and 
2350° were chosen as the medium and high temperatures, respec- 
tively. The spectrum of each of the substances was photographed 
at still higher temperatures, but the change beyond 2350° consisted 
chiefly in a broadening of lines already present, with more frequent 


« Mt. Wilson Contr., Nos. 66, 76, 94, 108; Astrophysical Journal, 37, 239, 1913; 
39, 139, 1914; 41, 86, 1915; 42, 344, 1915. 
2 Mt. Wilson Contr., No. 84; Astrophysical Journal, 40, 205, 1914. 


59] u 


2 ARTHUR S. KING 


reversals. At these temperatures calcium, strontium, and barium 
gave strong continuous spectra, which tended, through the equaliza- 
tion of emission and absorption, to conceal most of the sharp lines, 
while those usually showing reversal appeared as wide absorption 
lines, often with a width of several angstroms. This rendered 
impossible any comparison with the relative intensities at lower tem- 
peratures, so that the useful plates were limited to a temperature 
range within which the spectra always consisted of emission lines. 

For the identification of the lines and a comparison of their 
intensities with those of the vacuum furnace, the arc in air was 
used, with the result that certain lines, especially in the spectra of 
calcium and barium, showed notable differences in structure in the 
two sources. Lines which in the air-arc are extremely diffuse, often 
without a distinct maximum and sometimes showing only as wide 
hazy patches, appear in the vacuum furnace as sharp lines which 
permit of close measurement, two or three such lines sometimes 
taking the place of the diffuse arc line. The reduced pressure in 
the furnace is in a measure responsible for this condition, but other 
conditions in the arc discharge contribute to the effect. A some- 
what detailed study has been made of lines of this type in the spec- 
trum of barium, including their changes under various conditions of 
temperature and pressure and the measurement of their furnace 
wave-lengths. This has yielded a considerable addition to the 
list of barium lines in the ultra-violet. Their peculiarities will be 
discussed later in the paper. 

The line-classification adopted in previous papers has been 
adhered to as closely as possible, but in the extension into the ultra- 
violet a limit is reached beyond which no lines are emitted by the 
furnace at the given temperature, even with prolonged exposure. 
This limit proceeds steadily toward shorter wave-lengths as the 
temperature rises and furnishes the chief point of resemblance 
between the emission of furnace lines and that of the continuous 
spectrum of an incandescent solid. The effect on the classification 
is that lines beyond the point where the lowest temperature gives 
a spectrum go automatically into classes not lower than Class III, 
while lines too far in the ultra-violet to be given by the medium 
temperature chosen must be placed in Class IV or V. It may 
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happen as a result of this method that lines such as \ 2852 of mag- 
nesium or A 3072 of barium are placed in Class III because they are 
too short in wave-length to be produced at the low furnace tem- 
perature, though they aré very strong when the temperature is 
sufficient to show a spectrum in this region. In the visible region 
lines of this character would probably go into Class I. Lines 
belonging to a series which extends into the ultra-violet cannot be 
expected to go as a whole into the same temperature class, since 
the ultra-violet members may not be produced by a temperature 
which, for members of the same series in the visible region, results 
in a high intensity. While this condition must be considered as 
entering into the method of classification, the character of a line is 
indicated clearly enough for most purposes by noting the intensities 
for those temperatures at which the line in question is radiated. 


EXPLANATION OF THE TABLES 


The first column of each table contains the wave-lengths of lines 
as measured by Exner and Haschek’ in the spectrum of the arc in 
air. In the second column are wave-lengths on the international 
system. For calcium the measurements of Crew and McCauley’ 
with the vacuum arc are used, as the structure of lines in this source 
is similar to that of furnace lines and their list is more complete than 
that of Exner and Haschek, frequently giving values for groups of 
two or three lines which blend into a hazy line in the arcinair. For 
strontium the measurements of Hampe’ on the international system 
are entered in the second column, and for magnesium those of 
Nacken,! the source in each case being the arc in air. For barium 
the international wave-lengths, beginning with \ 3640, are those for 
the arc in air given by Schmitz;5 but to the violet of this point 
measures of the barium lines in the vacuum furnace made by the 
writer, with the assistance of Miss Brayton of the Computing 
Division, have been used, since the vacuum furnace lines are more 
numerous and include components whose wave-lengths differ appre- 
ciably from those of the corresponding diffuse blends of the arc in air. 

« Spektren der Elemente bei normalem Druck, Leipzig, 1911. 

2 Astrophysical Journal, 39, 29, 1914. 

3 Zeitschrift fiir wissenschaftliche Photographic, 13, 348, 1914. 

4 Ibid., 12, 54, 1913. 5 [bid., 11, 209, 1912. 
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The sign } adjacent to a wave-length refers to a remark at the 
end of the table, which often includes important data regarding 
the character of the line. 

Following the plan of previous papers the remaining columns 
in the tables give the intensity estimates for lines in the arc and for 
three furnace temperatures. The method of assigning lines to 
classes is also the same. Nebulous lines are indicated by ‘“‘n”’ after 
the value of the intensity, very pronounced haziness being denoted 
by “N.” The letters “r’” and “R” indicate partial and complete 
self-reversal. Lines of Class I and Class II are strong at low tem- 
perature, those of Class II strengthening more rapidly as the tube 
becomes hotter, while Class I includes the lines for which the low- 
temperature furnace is especially favorable. Lines of Class III are 
absent or faint at low temperature, but appear at medium tempera- 
ture, and are usually considerably stronger at high temperature. 
Class IV appears at the highest furnace temperatures, while Class V 
is usually absent in the furnace or, if present, the lines are faint com- 
pared with their arc intensities. ‘‘A”’ after the class number indi- 
cates that the line in question is relatively weak in the arc—usually 
not more than half as strong as in the high-temperature furnace. 

For calcium and strontium a column headed ‘‘Series”’ is intro- 
duced, in which a line is placed in a proper pair, triplet, or 
“‘single-line”’ series according to the notation of Saunders." 


CALCIUM 


Table I indicates the relative condition of the calcium lines for 
various furnace temperatures and for the arc in air. The number 
of lines in the furnace spectrum is practically the same as that 
observed by Crew and McCauley in the vacuum arc, the low pres- 
sure bringing out certain lines which in the arc in air are either 
quenched or blended with neighboring widened lines. Many cal- 
cium lines retain a high intensity at low temperature. In the red, 
certain lines are especially strong at medium temperature. Lines of 
Class V are found in the strong arc pairs \\ 3159, 3179 and AX 3706, 
3737, which have not been obtained in the furnace. The flame 
line \ 4227 dominates the furnace spectrum at all the temperatures 


* Astrophysical Journal, 32, 153, 1910. 
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TABLE I 


TEMPERATURE CLASSIFICATION OF Catcrum LINES 


> FURNACE 
- CREW AND 
EXNER AND MeGaAnEE Arc . : Cass SERIES 
Se a TAY ieee. ee Teereae 
ture ture ture 
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eee Pe 3141 .164f 3 3 Ee scakohert al eae a _ 
malareiKjalec =) 3150.747\ 8 Oe | ern tay S 
at 3151.280f 4N 3 ssderstarete |. cogs eee me Vit en aes 
3159.01 3158.877 LON NR remake | caren ce een ee eee Vv P, 
ie Pict c, 3164.618 IN I eR ee ee IV 4 Bs 
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179.50. 3179 .340 TS geval Secs icke cael | Mersntcte © ere: x 
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ec err ke 3.209.930 2n 6 4 sane LEAST ey 
3215.0 3215 .145| zn 8 Si ames TIA | Tx 
eee tos 22k 2215 at 4 2 Ne iecae LL LSAS ely 
2295.0 3225 .883 8n Io Oa eee IIIA | T, 
REE Re Sit 3226.120f = 3 Dee LA eels 
3269 .37.. 3269 .090 In 2 i Smee eek ni TAGS ee; 
Be7AGse.. 3274.661 2 4 2” ad lleeies tere. TERA aa 
2280.35 4 - 3.286.060 4 6 Ais 0 i Svarnerrs UI T. 
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TABLE I—Continued 
FURNACE 
x r 
Exwer ano | MeCauuey Arc High | Medium | Low Crass | SERms 
HascHEK (I. A.) Tempera- | Tempera- | Tempera- 
ture ture ture 
oN i Uae 872.5521 Pn 3 I perenne i ol GM Roe eaert 12 
Tr aedee erate ais o37e bert Pn 4 2 pee reli val MYM dite 
aa are te Oe, BSSOnDATI eee eas 2 I Bae Sell GB Yl) Bos 
3033-81 3033 .664 40oR 60oR 30 20 II PH 
3949.10 3948 .899 6 6 3 I III Als 
3057.22 3057-054 se) 10 6 2 iil T. 
3068.63 3908.405 350R 50R 25 18 II PH 
REN rien vires BO72: 57 Siler ee 3 I Pee or ed Til SL, 
3073-91 3973-710 12 12 8 3 Tit T, 
ee Mra aul b ie 4058 .g12 m I BEST eRe ese IV SL, 
4093.00. 4092 .649 8 4 3 I Ii t 
4095.30. 4004 .944 12 8 6 2 Til t 
ACOSO els 4008 .552 15 Io 8 es Iii € 
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4289.50 4289 .363 40 30R 30 30 I ay 
4299.18 4298 .989 30 25R 25 25 I Ag 
4302.70 4302.525 6or 50R 40 40 I Pp 
4307.90 4307. 738 45 35R 35 30 I 
4318.80 4318 .648 45 35R 26 30 I a 
4355-50 4355-099 25 15 8 2 III | SL; 
4425.60 4425.428 50 30R 40 30 I T; 
4435.17 4434.948 6or 50R 50 40 I Tx 
4435.88 4435 .673 40 25r 35 25 I Tx 
4455.00 4454.765 80 70R 60 50 I T; 
4456.10 4455-875 40 25r 35 30 I Tx 
4450.84 4456.612 ake) Io Io 5 II A 
SR ee 4507 .854 I I ie Sete la IV 
ASOOROM eI 4509 .446 3 3 hp I eee 2 Til 
Act 2eyapaerers 4512. 281 5 5 Ral SMES Iil 
4527.35 4526.944 30 15 8 2 Ill SL, 
4578.88 4578.570 30 IO IO 6 II e 
4581.77 4581.414 40 15 15 8 II tc 
4580.22 4585 .868 50 20 20 12 af t 
4085.35 4085. 264 12 6 cece Pn enes eo III 
4847.38 4847. 292 2 5 EW tl Sacer IIIA 
4878.38 4878 .132 50 25 20 4 Til SL; 
Fah 4 Sim RR SOCKS eno se aan 2 I Hotell IMAL {igs 
5041.83 5041 .613 40 mh 5 2 III Sikes 
5189.00 5188. 846 50 25 & 2 Til 
5260.58 5 260.375 2 2 Tey Siler ee III 
5261.87 5201.701 20 20 Io 2 Ill 
5202.40 5 262.238 25 25 12 2 Til 
5204.41 5204. 237 20 20 Io 2 Til 
5265.73 5205.559 40 40 30 4 Til 
5270.44 52 70n272 60 60 40 6 Tit 
5349.69 5349-470 25 20 8 2 Tit 
5513.16 5512.978 20n 5 REA esta a III 
5582.20 5581.973 25 20 Io 2 IIL 
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F x FuRNACE 
CREW AND 2 
oe McCauLey Axe High | Medium Low Chass SERIES 
(L.A.) Tempera- | Tempera- | Tempera- 
ture ture ture 
5588.94....] 5588.746 80 50 50 8 Ill 
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BOOT SO<..< 2) S008 203 30 30 Io 2 II 
5603.09....| 5602.829 25 20 Bie) 2 III 
5857.69....| 5857.476 100 80 I5 2 III 
5867.89....| 5867.578 I Tipe "let aemeiccuoncrs eee eerie IV 
ORO27O2" 0) OLO2e7 10 80 80 100 40 II T, 
6322.40...) ) OF22°916 Bele) 80 I50 60 IT T2 
6161.57....| 6161.3009 ae) 2 Tea Wier hacks Til 
6162.41....] 6162.177 I50 60 I50 70 II Any 
6164.05....| 6163.749 Bike) 5 2a eres: Til 
6166.70....| 6166.443 15 Io wal Wipro ae Til 
6169.30....; 6169.034 25 IS 8 I Til 
6169.82....| 6169.576 40 25 15 2 III 
6439.35...-| 6439.086 I50 100 I25 50 II 
6450.01....| 6449.811 50 40 20 8 II p 
6455.83....| 6455.606 Io Io 4 2 II Pp 
6462.80....] 6462.576 125 80 100 40 iy 
GAFEIOO. =. «| 0471 ..059 40 30 15 6 II 
6494.02....| 6493.789 80 60 60 25 II p 
6499.84....| 6499.648 30 25 I5 6 II P 
O57 300m: 31) 05725753 8 30 I50 100 IA 
O77 0024 541) O72 7.1085 30 25 4 I Il 
S23 eae 7148.123 Io 12 12 5 II Pp 
arses sola oe 7202.161 3 4 4 2 II p 
tees terse 7326 .099 2 2 I Moerman ip malt 
REMARKS 
r 
3748-3753. Appear faintly in vacuum arc. 
3872-3875. In band at A 3883. 
38809. Appears in vacuum arc. 
30725 > Appears in vacuum arc. 
4108. Very hazy in arc; about 2 A wide. 
5019. Appears in vacuum arc. 


used. Being very sensitive to widening influences, its intensity at 
a given temperature depends largely on the vapor density, as was 
noted in a previous investigation.* 
present, as in the experiments which gave the intensities noted in 
Table I, the line changes from a narrowly reversed condition at low 
temperature to a great width at high temperature. A width of 


i Mt. Wilson Contr., No. 32; Astrophysical Journal, 28, 389, 1908. 
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If a large quantity of vapor is 
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reversal of 6.6.A has thus been obtained, the wings of the line 
blending with the continuous spectrum. Its progressive strength- 
ening with temperature increase would place it in Class IT; but it 
is essentially a low-temperature line and is not notably strong at 
high temperature unless much vapor is present. It may properly 
be classified, therefore, as a special type belonging in Class I. 

The H and K lines, A 3934 and A 3969, appear at temperatures 
as low as 1650°; they strengthen rapidly with temperature increase 
but remain‘narrow, though it is possible to obtain reversals at high 
temperature. Their intensities in the arc are enormously greater 
than in the furnace and offer in this respect a strong contrast to 
d 4227. 

A large proportion of the calcium lines having been placed in 
series, it is of interest to note their behavior at different tempera- 
tures. As would be expected, the component lines of a series pair 
or triplet are affected alike; but lines belonging to series groups in 
different parts of the spectrum may appear in different classes on 
account of the rapid falling off of the low-temperature spectrum 
as the wave-length decreases. Thus the intensities of T, series lines 
in the group which has its strongest line at \ 4455.00 are nearly 
equal at the three temperatures and the lines are assigned to Class I 
(with the exception of the component \ 4456.84), while the ultra- 
violet members of the same series fall off rapidly with decrease of 
temperature and are placed in Classes III and IV. To determine 
whether the ultra-violet members of a series weaken more rapidly 
when the temperature is reduced than those of greater wave-length 
requires careful attention to photographic differences, but this effect 
has occasionally appeared when furnace spectra at different tem- 
peratures were recorded on the same plate. Of the three groups 
with strongest lines at NA 4455.00, 3644.53, and 3361.95 the more 
rapid falling off of the violet groups at reduced temperature was 
very distinct. This corresponds to the result previously observed 
for the principal series of caesium. 

The alternating single-line series SL. and SL, show a varied 
behavior but must be regularly classed as high-temperature lines. 
In the blue they show a decided contrast with the T, series lines 

* Astrophysical Journal, 21, 236, 1905. 
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ELECTRIC FURNACE SPECTRA 9 


and with the group of six near \ 4300. The several lines of this 
latter group, like those of the similar group near ) 3000, are affected 
alike at different temperatures. 

In the region of greater wave-length the groups A 5261-A 5270 
and \ 5582-A 5603 behave in each case as a unit and their lines go 
into Class III. The lines farther to the red vary greatly in charac- 
ter, a notable feature being the high relative strength at the medium 
temperature in the case of several lines. ) 6573, whose high inten- 
sity in sun-spot spectra has been taken as evidence of the low tem- 
perature of these regions, is unique among the calcium lines, being 
faint in the arc and much weaker at high temperature than at the 
lower temperatures. Apparently it can be used with confidence as 
a low-temperature indicator. 


STRONTIUM 


The strontium lines are widely varied, but their notable features 
are for the most part sufficiently indicated by the data in Table II. 
The behavior of the strong lines AA 4078, 4216, and 4607 in furnace 
and arc is very similar to that of their counterparts, H, K, and 
4227 of the calcium spectrum. In the ultra-violet the arc gives 
a number of hazy, very unsymmetrical lines which reduce to sharp 
lines in the vacuum furnace, but without the complex structure 
sometimes observed for lines of this type in the case of barium. As 
in the case of calcium, the members of ‘‘single line”’ series are nota- 
bly high-temperature lines. In the red there is a lack of the lines 
of Class I which appear in this region for both calcium and barium; 
excepting the strong lines \ 6408 and \ 6504 of Class II the domi- 
nant low-temperature lines are in the region of shorter wave-length. 

Plate I shows the furnace spectra of a mixture of strontium and 
barium at temperatures of about 2050° and 1750” C., respectively, 
with the arc spectra of these substances above and below. The 
exposure times for the two temperatures were in the ratio of 11 to 1 
and show lines of Class I, such as \ 4742 and \ 4812 of nearly the 
same intensity, while the larger gradations of lines in Classes I 
and III for these two temperatures are evident. The high intensity 
of \ 4607 in the furnace is shown, together with the relative faint- 
ness of \ 4078 and A 4215. 
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Io 
TABLE II 
TEMPERATURE CLASSIFICATION OF STRONTIUM LINES 
FURNACE 
iN » 
EXNER AND HamMPre Arc . F Crass SERIES 
HAscHEK (1.A.) pate Een irl 
ture ture ture 
2569.55.. 2569.502 20 TOy Al aetmenes ere eect tet IV SL; 
2932.00. 2931 .856 30 15 TOW | Abert III SL: 
3301.86. 3301. 739 5° 15 LO’ wr ereioseree Til Ay 
3207 Omar 3307 .548 5on 15 TO 0 cts cepeeees Til p 
3322.40... BaD282a7, 30 15 St eee Il De 
3330.20... 3330.O11 30 8 Boe Aesees ze III 
Botacla ot 3351.258 150 50 BOY Uh Saterecemee Til Pp 
23008 Ss beiae 3306 . 339 50 30 T 20) Seem Ill Ap 
BBL Onis inail(aheeeleeagerceoience 2 ee ath as olin esiotteell ecto Vv 
3380.08... 3380.721 Roma esr erinied rtclontal lnaaicncic. oc Vv P, 
Be) (Pola sooo bob0 0.50 4N 3 Dem eens osortrc Ill Ave 
'ZAOONS Oliaten |neiaeion eee 8N 4 i ned oan cicea III T 
BATT ey aetna apieinee ee 12N 6 A || Rae Il 4s 
BAS Onom ae 3450.52 8n 2 Tide \sceeaete Til Ay 
BAS Teen 3457-54 I5n Io Ge Witsoe Til Tz 
3404.68.. 3404.470 omen Pretarnite (Sersarrs onllgnacoonic Vv P, 
3475.09.. 3474.QO1 TO) | seere's eal [tha crecokerens| [Pera caer Vv Py 
BATES See 3477.2 8n 8 ead Peeetoicseeue Tit ie 
3499.41. 3499.61 2on 10 ST ees Til T; 
BS OAMO naire 3504.27 2n Ty S| eae IV T, 
BSA 7 Noon 3548.1 I5n Io 6 I Til T; 
YP ASGAItRG bil onan e abr on ? [ee (Oe TN rg bes 
2025S 7 eetne 3628.37 3n 2 ce We rere ora Ill ik 
3020 uae 3629.12 ron 6 SH ne III T 
3653.30. 3653.26 ran 6 Ao AN Reena III Ty 
BOSAR Ones 3653-91 3n 3 fetal PAOD cs is Til Ty 
B7OOROmmnnne 3705.90 I5n 8 5 I Ill Tx 
3040.90. 3940. 806 20 8 7 Wad Pas orate Ill T; 
3969.40. 3969.270 30 8 5 I Til T; 
3970.12. 3970.049 20 7 Bons eaten te Iil Abe 
4030.55... 4030. 386 40 iS 8 I Til Tx 
4032.50.. 4032 .387 20 12 at 6 hea Ill ah 
4033.257. 4033.19 6 ? ? Ill? T, 
MOY. o os 4061.1 8n 4 oN eee Til fe ‘ 
Ss Net ese Sreae ton 6 3 eae MELE t 
OTE SO me 4077.71 oor 
4087.88... Goieas aoe Ss ion selere Fe : a v = 
4161.go0f. 4161 .812 30 P rl eevee Vira ee, 
A2To 70 421§.515 300r 30 TS II PH 
4305.68. 4305 .459 40 15 5 I III P. 
AS OONS Eira 4308 .13 2on 10 8 2 Ill t ; 
ATS Riemer 4313.23 3n 4 2 ; IIl SL, 
AZTORAP acs 4319.090 25n I5 Io i pes III t 
4320.64. . 4320.444 Io 6 2 II A 
AB 82 ae 4337-704 30n 20 12 III t ‘ 
4361.88... 4361.710 20 20 15 III ih 
AAO7 Oe 4406.11 ron Io 5 I Iil SL 
4412.80. 4412.620 4 iB 4 I Ill i 
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TABLE IIl—Continued 


FURNACE 
rN x ees | 
4 pee a mane Arc High Medio. Low CLass SERIES 
Tempera- | Tempera- | Tempera- 
ture ture ture 
4438.21 4438 .044 25 20 I5 6 Ti T, 
4451.99 4451.803 2 3 27 Soe i 
4480-055 05% 4480.540 ton rte) eed ee co 2 III SL, 
rene ny 4531.340 
BRS EUR a A eR cme Io 12 8 2 1UF 
Set ge OIE Cone 4531.359 
4607.51 4607 .340 600R 600R 400R 300R I SL? 
4078.2 Ras 4678. 304 2on Io 2 Til SE, 
A7OE. 27 5... 4700.7 2 Pend Isto eon ed Go.crts IV? 
4704.351.. 4704.0 2 ? To 0 Monee Ii 
AVOTES hohe 4707.1 2 ip 5 al ed Pee 5 ee Ill 
ATIACSS Ia 4714.0 2 ? 20 lees Il 
ATaR AS. < 4722.272 30 25 25 20 I p 
MIO. Stee ae 4729.48 4n 4 2 eee Til 
4742.08 4741.Q17 30 30 25 20 if 41; 
4755.60 4755-467 Ian 10 4 I Ill SL, 
4784.51 4784. 323 30 30 25 18 I f 
4812.03 4811 .867 40 4or 30 25 iL Pp 
4832.27 4832.075 50 5or 40 30 I x 
4855.20 4855.078 20 20 12 3 Il iE 
4868 .92 4868 . 739 20 20 I5 3 Til t 
4869.45 4869 .194 4 S D's pl eerekeeens cont t 
4872.70 4872.485 40 30 25 20 iE T; 
Ba Sah 12 4876 .062 inf 20 I5 8 II Tx 
4876.38 4876 .323 20 20 20 Io II 4h 
4892.20 4892 .009 25 25 20 6 II t 
4892.90 4892 .666 5 5 ee ae ee Til t 
4962.43 4962.244 40 40 30 20 i Ave 
4968 .03 4967 .928 20 20 I5 6 II T; 
4971.79 4971 .049 2 5 3 2 IAS es 
5156.38 5150.068 8 8 6 I Il SL; 
5213.22) 5212.968 3 3 2 me \ Cie teeratecs Ill 
5222.50 5222.200 20 ie) 8 3 II 
5225.45 5225.110 20 Io 8 3 II 
5220.51 5229. 266 20 Io 7 3 HT 
5238.82 5238.548 30 15 12 i _ 
257.10 5256.897 50 20 20 ° 
a5 iI oe eat 8 8 5 I Ill SL. 
< 5450.81 1 10 2 III 
le oe \s450.834f | 79 < 
5481.19 5480.840 40 30 20 15 
5486.40 5486.121 15 I5 se) 2 Til 
5504.50 5504.166 30 20 I5 8 e 
5522.01 R520. 752 25 20 12 5 an 
5535-10 5534-796 15 15 8 2 ar 
5540. 29 5540.033 15 20 ue z tI 
5543-44 5543-327 15n 12 Be] Wena nas ve 
RG TOU re 5970.103 r2n 10 Che a hee owen AL ry 
6159.15 6158.967 I fe tel erence toto Get ee 
6272.32T 6272.052 2 3 Ce Piety ance 
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TABLE Il—Continued 


FURNACE 
r rN a ae 
EXNER AND HaAMPE Arc High Medium ow Crass SERIES 
HAsCHEK (L.A.) Tempera- | Tempera- | Tempera- 
ture ture ture 
6346.057...| 6345.760 a) ? ? ? IV? 
6364.23....| 6363.932 8 8 5 I iil 
6370.23....| 6369.959 I5 12 8 2 III 
6381.00....| 6380.740 30 20 15 2 Ill 
6386.84....| 6386.507 40 20 15 4 III 9) 
6388.50....| 6388.245 25 15 10 3 III 
6408.76....| 6408.465 100 60 30 20 LE 
6446.89f...| 6446.676 12 6 ? ? Til 
6466.01f...| 6465.788 Io 4 fy ? rie? 
6504.21....| 65¢3.990 80 50 30 20 II 
6547.007...| 6546.785 20 15 5 ? III? 
6550.501-..| 6550.253 60 25 8 ? Tike" sp 
6617.507...| 6617.268 50 20 Bie) iF Ill? 
6643.70T...| 6643.545 20 15 5 ? III? 
- REMARKS 
3390-3400. Wide and hazy inarc. A from Kayser and Runge. 
3411. Wide and hazy in arc. 
3400. Shaded to violet in arc. 
3547. Shaded to violet in arc. 
3577- Disturbed by band. 
4033. Disturbed by band. dA from Kayser and Runge. 
4071. Measured by writer. 
4161. Very faint if present in furnace. 
4701-4714. Disturbed by carbon band. 
SOR Disturbed by band. 
6272. Disturbed by band. 
6346. Concealed by band. 


6446-6466. Disturbed by band. 
6547-6643. Concealed by band at low temperature. 
BARIUM 

Table TII gives the characteristics of the furnace spectrum of 
barium. Since the grouping of lines according to series is not so 
marked as with either calcium or strontium, the chief feature to be 
noted in this respect is that the behavior of the strong lines 
4554 and A 4934 is similar to that of H and K of calcium and 
d 4078 and ) 4216 of strontium, while the low-temperature line 
X 5536 corresponds to \ 4227 of calcium and } 4607 of strontium. 
The furnace results thus bear out the resemblance observed between 
these lines in other light-sources. 

The differences of structure shown by furnace spectra for many 
lines in the ultra-violet as compared with the arc in air warranted 
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13 
TABLE III 
TEMPERATURE CLASSIFICATION OF Bartum LINES 
4 FURNACE 
IN v 
EXNER AND KInc Arc Crass 
HaASCHEK (1.A.) High Medium Low 
Temperature | Temperature | Temperature 

BEQO 87 oho ayn ean ks on 8n Sing” Vernet rect emer eae IV 
OGY tre. © ene cl eens arg 2 2:4 ol ee eee eee IV 
RI te Pen MIS ER ws his osrern. 8 Bh er Se Nene IV 
2739-38... 6 [owen ees cas. 3 eine Benet eral sine oa 6 IV 
B78G GO sme sche ine nina. 15 S's deen eee IV 
3071.72..... 3071.52 100R rooR SORT ee era II 
Br OOm sae 3108. 21 ron 5 7m | eee ee Il 
teen e eee ees 3117.34 af 3n I eet sie! 
Se aR Set: 3117.638 i 3n I EY ke see | LLL 
5 eae RE 31IQ.202 3N 2 I Nok Fie ae hoe TIL 
Sa ae Ae 3132.602 = 8 5 ce BA i Sake ad Il 
Leela che eae 3135-72 ‘2 8n ve Maemcgaaed| Lau! 
er te er 3137.700 ¥ Io 5 PB aaceneso «Ail 
Se ee 3155 .330 i Io 5 aera tan 2 
Meche ies 22 3155 .673 Be) 2 Remocmierce|| LUT 
Foy eee 3158.046 be 12 4 Mec aeeul 
set ae ieee eee 3158.54T * 12N 6 eee ne ae Ue 
SOE Ae 3165 .598T * 25 15 Aas crichi pas OB f 
en eee 3173.69 - I5n ao) oar deree «| We eLEL 
a ee eee 3183.156 * 30 15 Ber ciosee ye Laue 
BISA bee csc 3183 .96T ?N 15 Sit Uilccaeeoratcen 7” 
Agente ae ee | 3193 a * Bre ‘ee pera) ae 
Ma ee See wis 3193-9 ee rey: 
BOOM Traces. 3203. 7007 25N 25 LS ae | oreo ce Ill 
oe res aoe 3221 .630) T 30 20 fete WELL 
eRe eer 3222.188;T 40N 40 25 ee aa ue 
B22 se One 3222.441) T 8 Eta pel ete eis Seine ae 
SOR Ree ears: 3253 .067 5n 5 PL Winns oaaat ai 
Re ey Nee 3261 .961\T 8oN sor 25 cpr tor cated 
OOS OMe aes 3262. 336 T 60R Zi sey be eh er eecere ae 
R270 130.266 S27OnILS 4n 4 2 Sa Sr tens Se aN 
fol ca Pe eater 3272.405 an 2 ved age ty: 
ited 5 ee i 3281. 503 4or Sy eor Aes 
328205) en 3281 aah) 70N 15 6 eee a 
BSTE OZ teres CHEN fie 8n 8 Sp 0) |eemoctencne a 
etre 3322 797\t 8oN 5or 25 fet el ee 
PEE ara ee 3323-058) T IO Aa | casters: ut 
BOSAL Sete 3350.804T 80N oe 25 eae [eee ee a 
BETTIS 3 cos, 3376 975\4 80N ° 35 SPokagene Seaver ri 
Sek eee 3377-391) 20 speciosa 
Senet Pease? 3413 .835 3n OR us Be it a 

Deol e ae 22032 2) beeen | 7 © lsc i 4 © mm eros ateteite 
a : ¢ re at 008 I 100N 25 TS [eect reese a 
Ree a te Siiads'is 3421.476 3on ss) een se 
beh fe aoone 3426.453T 4n 3 uep ci calemeee 
PALhStAcoeEs 3427.85 ge 3 be ake okey | ier 

CAST Tite cre eBgfas |) wes th Aken PR lo dtc aa uee, 
aes Sette Os TLS 200R 150R 750 20 II 


: 
* Not visible in barium arc in air, probably on account of extreme diffuseness. 
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T4 
TABLE I11—Continued 
FURNACE 
E a Kine A & 
D R L. 
HascHer yrew ; High Medium Low tia 
pies Temperature | Temperature | Temperature 
3525.30T 3524.975 80n 5or 25 2 Til 
BeZOuOA se ee 3529 .480 15 IO OS slostee tere Il 
ARGH SNP sic S¢.< 3531-345 30N 40 20 I Til 
3545 .0of 3544.03 8on 6oR 30 3 Tit 
BEAT ROO Mae 3547.696 zon 15 pe) I Til 
2002 0Onms er 3561.942 Be) Io Bp TY al races oe rena III 
B5001O3 tear. 3566 .660 Io 8 Oh Saran Sees Til 
BG One renters 3570.036 Io Io 6 I Tit 
AGM alia oaac 3577-015 30 Io 8 I Til 
3579-91 3879-670 8on 50R 30 5 sees 
ALON) a cade 3586. 505 Io ie) 6 I III 
Be oans 2a 3588 .099 Io Io 7 I III 
BACOnaibya do nr 3589.950 3 8 Be pe Bl see ake eis IIIA 
3593.50..-.- 3593-204 15n 15 8 I Til 
B5QOe0 2-5 re 3599-396 I5 Io 8 I Iit 
AON Oso dot 3610.957 I5n 15 Io I Ill 
BOS Omon ent 3630.641 40 30 20 3 Til 
BOB Teel nme 3636 .832 40N 4or 20 2 Ill 
ae crate 3639.715 2 2 I Pcicia, ba cners Til 
Schmitz 

304045 Oe 3640.301 Io 8 IG) onl Meteueee toc texste Til 
3002470 eee 3662.523 15 8 On Gy Vor eiacemieters Til 
BOOARC OMENS 3664.598 2 3 Tie yal Meets vercnane Til 
HOS Mn 5 wie b 3075 .268 2 I EO alte rates orelevcie Til 
BOSSno ne tee 3688 .473 20N 15 Bi" MiGeneco icine Til 
GO Oa s Sos 3701.716 3 3 Cea Niece fers oe It 
BV OAROOM IEE: 3794.771 15 I5 Io 2 Til 
3862.077. 3861 .905 15 8? 8? 2 III 
Bets()oe Bio 5 cune 3889 .314 20 ae) 8 6 II 
eno snc 3891. 788 SO 7 Neca stewcens aise Wievens Poe toraterearll eenerorekeecres Vv 
BEOP Kos a3. 3892 .653 20 Io 7 2 Til 
Poona mellondad side oes 2 2 PAE aaa RS eee III 
BOOOLTS hs wecye| et ean en ee ee 2 2 20 Gal Aeisetent ere Til 
3010, 03 3909 .922 40 20 15 8 HUE 
BOLE 3S onal aoe eee 4 4 Cau Ar nae Ill 
3035: Olna. cs 3935-715 50 15 10 6 IT 
B0385.03 seer 3937-876 20 Io 8 2 16 
BOdGhs lee 3045.60 10oN 5 Gh aks Searere enes Ii 
BOATS leer: 3947.51 5N 8 Ava tae crater vorstosss: Tit 
BOT5RO sane 3975-302 4n 5 DM ee Alesana, Sereiots III 
CLolase PCO camgiell Mier chalone A aksvtet > 2 I Fito, ait RRNA aan Seer 1D ae 
BRS 5 coc 3993 .395 80 20 12 6 100 
BOOKMSSE eee 3995 .663 30 I5 IO 2 Tit 
BOOSHO Saas Meee eee 2 2 i rele SHAE ey See RS era 
402, 65h eV ewe on ee ees iinet y) Spe re 
ROS 13 cin ao 4081 . 347 6n 8 AS EL Soe areas Til 
AOGKHOMn ane 4085 .322 30N 30 12 2 IME 
087.6 
AOS is Onna 4087 .371 8n 20 So) ar hstfers terres IITA 
ATT Onsen 4109.884 2 I I f Ill 
4030083. ...18 4130. 683 oan Net dee Lee So V 
4132.58..... 4132.444 20 20 20 aoa ares 
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TABLE IlIl—Continued 
FURNACE 
IN r 
EXNER AND ScHMITZ ARC Crass 
HascHEK (T.A.) High Medium Low 
Temperature | Temperature | Temperature 

ATOOer Toe 4166.017 Lo TN RS Re | Pte ai. nad MRAM oO a 
ALVOSRS Won. 4179.372 8n 20 TO. et | err ae eee IIIA 
AI2247905 5... 4223 .057 12 20 12 2 III 
AS2O. SE. 4. 2 4239.576 ton I5 ite) I Il 
A2A2.80) 0%... 4242.619 ae) I5 Io I III 
A2GAWAS SS. cca 4264. 386 I5n 30 I5 2 TITA 
AQSS aT cn 4283 .111 IO0o 40 40 20 II 
$201 533. oc. 4291.165 I2 15 10 2 il 
432305%.. 55. 4323 .004 2on 35 20 3 Il 
ASORES ATL Ok. 4325.152 Io 15 Io I Til 
4332-07 )22-<| 4332. 010 ton Io? a) 2 Til 
AS80605, 5. 4350.375 80 35 30 12 II 
ASEQ. 7026. 4359-554 8 BY ulead oka Til 
AACS 86.02. 4402.550 60 30 30 I5 II 
7 Vko\s Ba oy BN Rn 4406 .846 I5 15 12 2 Til 
ARES SO ore oc. 4413.679 8 Io 6 I Til 
APSO Oo, 4431.914 40 25 25 T5 II 
AAO7E301 2S... 4467.129 I2 I5 12 2 III 
4480-10... 4488 .973 6on 50 35 6 III 
ry oo on 4493 .641 5on 40 3e 5 UI 
GROOT Becky 4505 .936 40 30 25 I5 II 
eA Sey. 3 4523.087 6on 40 25 I2 II 
BS OeUTO., Joa 4524.946 ES ed OCC Ie kOe oe call Ls oi aoe S Vv 
HENS OMS eae 4554.038 1000R roor 80 70 il 
AR Aton 4573-881 40 30 25 15 II 
4570-82. 5,55. 4579.667 80 40 30 20 II 
ASSGEOR rey 4589 .762 8n I5 12 2 IIIA 
ASO In O2 a1 a5 4591.825 ron 15 12 2 III 
4599.97-.... 4599-751 30 20 15 3 Til 
BOs AO. ee 4605 .012 8n 15 8 2 IIA 
BO2ORTO wa. ee 4619 .978 2on 15 8 2 Il 
202845 neces 4628. 330 25n 25 20 3 III 
USACE VAIO eee 4636. 333 I5N Pere ih eae tenet chncinnge otra IV? 
AGAZTS Te... 4642 .038 4N 2a Alec eee lec War 
SOG PA Gens ote ae One 5N Pee Alletarartreuerevs le eueneregs enetats IV? 
BOOZE OTe c tid cress seats otes 10oN PA) 4h orcestetacuaetel|eeetenerens ees IV? 
GOTO TTS =cut 4673.621 30 25 20 12 a 
BOGE*SS oiiert- 4691 .630 35 30 25 15 
Eee eres 4699. 108F I5N Io 6 I Til 
ATOOLO7 tome 2 4700.446 20 12 Io 2 i 
AT 2A OOme oe. 4724.742 3 4 op Wee aac orn. a 
Aj20L 0S sere 4720 .455 40 30 25 15 aie: 
ATS DON er al eet teen Cee 5N ? ee dear aa 
TBO AS ee eteree)| Preie te genta vs ace 5N ? Te | een cerenceere i 
ASOT ROMA pact. leetc ccm etedetet a: 2N I Tal Whe lita ecestctecare ae 
TAGs hy eae less ADE 4877.650 30N 25 I2 2 a 
4900.11f.. 4899.971 35 CMe Serr creo pierol ton mpercneencicre ae 
4003/05. +3) 4902.808 15 15 Io 2 = 
AO34 20 ci 4934.009 700R 7oR 60 50 fn 
AOA T a5 One 4947 .350 8 10 4 I ne 
5055-141 5054-975 5 ome ile eM arate 
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TABLE IlI]—Continued 


FURNACE i 
Bese AND See Arc Z Crass 
HaAscHEK (1.A.) High Medium Low 
Temperature | Temperature | Temperature 
5160.10f....] 559.919 2on ? ee eins co.dac IV? 
BES e721 esa se SOLO & ? MONE a 5,ser tice IV? 
Mipsis bell ulripennt 2 2 fe Flea preeontnc sc IV? 
207 Ol ere m5 207Os3 20 ? Rg hepa crenee aie IV? 
BOT TETS als 277 O25 3 ? Dy SATs eerarceaent IV? 
BaogsOo fue |igg02RG08 6 ? 2 aa Sane he IV? 
205802 liam eSCOsa bo 4 iy aie ill ocd acme IV? 
5309.10T....| 5308.952 4 ? Mae eer reese arety IV? 
RAOnROmeee 5404.920 5n ie) Ste By a a Prien aan IIIA 
SAAR Ober 5424 .616 100 tooR 50 Io II 
AS TAG OUR 5437-393 4 10 if EAA fiber cnt a IITA 
473. OOc mage 5473-089 3 Io 7 et RMA hace cee TIA 
Shao Aeon aoc 5519.115 200 150 70 20 II 
Bos Kan doe 5535-534 1000R 1000R 500R 400 I 
EO Go Gon od « 5593-297 B 5 BoM RMN Pete, lanier III 
GOZO) 12 1.81 he [Oe re 4n Fed Feta Per cect ts centers Cant ri IV? 
SO2ONO maou | er naee one zon PPP Gc tae Sein naetiters ere Be a 
séBo.ast;...| 5680.373.]. {35 ou) so WW gouge eer 
SOOO Mer 5709 .546 2n 3 Te | Se ierssuntce Iil 
R77 ROO eae 5713-554 4n 6 DWT creas ties III 
Si [om OOn eer: 5777-095 400r 200R 70 20 II 
ifeVh POS othe 5784.105 4 6 DEN eievcwsts 6 eas ee III 
5800n00n eae: 5800. 299 100 80 50 4 Til 
5805.927....| 5805.712 20 30 40 8 II 
SOLO MLO Mee 5818 .906 5 20 D2 |e es cron IIIA 
5 S205 0 eee 5826. 294 I50 125r 60 30 II 
Relago@ilc coos 5853 .699 200 40 20 MN. Meese cae III 
SOO7 nomena: 5907 .656 15 30 20 Bie) IIA 
5 0027 ae ae eS OO2RAdS 2 7 Bi I RN eae ate IIIA 
SOUS KOOL ae 5904.787 5 5 DAY | era alana Ill 
50 720048 er 5071.715 100 80 60 50 II 
BO7SeOOL ee 5978.496 4 10 Od Tulrete. ees IIIA 
SOLOW ALOR Gin d 5997.102 100 80 60 4o II 
GOLOn7O seer 6019. 505 100 90 60 40 II 
OO02nAAaeee 6063 .149 200 I25r 80 60 II 
60837070... 6083 .441 5 15 GRAM AR ae eke IIA 
Ohi One 6110. 808 300r 200R I0o 80 II 
O12055 OSes 6129. 335 3 5 DIS PW | Senta: vey se. III 
OMBIGOKS gcc d 6141.760 60or 50 30 5 Ill 
el ahietens | cate Some eee 30n 20 OF? ME Beets tes Til 
Be SHOT Stas |e eee 3 5 Fe hy sHiticsencr pee e Ill? 
OSA tos lee 6341 .697 I50 100 100 80 I 
COATINGS caoht a ee 4 20 TOve Miso eases IITA 
UTE TIT cn 6450.842 125 100 100 80 I 
6483.21..... 6482 .936 200 125 100 60 IT 
O40 7-2 eee 6496 .902 60or 75 75 8 ig at 
O200 = 1OnRGEE 6498 .776 300r 300r 200 125 II 
0527 OOnnmEe 6527.324 250 150 150 100 I 
OK cee ho 6564.38t 2 5 20 Stet) ALIA: 
O58T1COnme ee 6580.77T 6 Io A aN rans cree Ii 
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ELECTRIC FURNACE SPECTRA 7 
TABLE IlI—Continued 
‘ ‘ FuRNACE 
EXNER AND SCHMITZ ARc Crass 
HaAScHEK (I.A.) High Medium Low 
Temperature | Temperature | Temperature 
OSO5COSs a. @ 6595.351 200 125 100 80 I 
eee 6642.40T mn 3 Pie plo ei na IIIA 
GO54e27-.% 5. 6654.120 10 15 Ae a ce eae iil 
O075..50.0k 6675 .280 80 70 80 60 I 
6604.08.7.... . 6693 .875 70 60 80 60 I 
r REMARKS 
3158. Very diffuse at high temperature. 
3165. Shaded to red at high temperature. 
3184. Appears as hazy patch in arc. Blend V in furnace. 
3103. Not resolved at high temperature. 
3204. Very hazy in arc. . 
3221 .630. Reduced in atmospheric furnace to one-third strength of \3222.188. 
3222 Very hazy in arc. 
3222.441. Shows in atmospheric furnace as shading to A 3222.188. 
3261.961. Reduced in atmospheric furnace to two-thirds strength of 
A 3262.336. 
3262. 336. Unsymmetrically reversed at high temperature. 
3281.772. Fades to trace in atmospheric furnace. 
3322.7097. Unsymmetrically reversed at high temperature. 
3323 .058. Not visible as separate line in atmospheric furnace. 
33575 Unsymmetrical to red at high temperature. 
3377-391. Fades to one-tenth strength of \ 3376.975 in atmospheric furnace. 
3421 .008. Fades to one-tenth strength of \ 3420.322 in atmospheric furnace. 
3421 .476. Very faint and diffuse in atmospheric furnace. 
3420. Disturbed by band. 
3464. Hazy patch in arc. Faint and diffuse in atmospheric furnace. 
3525. Unsymmetrically reversed at high temperature. 
253i. Very hazy in arc. Resembles A 3464. 
3545, 3579, 3037. Unsymmetrically reversed at high temperature. 
3862. Disturbed by band. 
3045, 3047. Very hazy in arc. Measured in vacuum furnace. 
4026. Disturbed by band. : ; , 
4332. Blend with V at high temperature. Probable intensity of V line 
subtracted. 

4636-4663. Disturbed by carbon. 
4699. Measured in vacuum furnace. 
Lele Disturbed by carbon. 
4900. High-temperature line may belong to carbon. 
5055-5300. Disturbed by band. Faint, if present in furnace. 
5680. Double, not fully resolved. 
5805. Very strong at medium temperature. 
6235-6323. Disturbed by band. 
6564-6580. Measured in vacuum furnace. 
6642. Shaded to red in arc. Measured in vacuum furnace. 


a special measurement of these lines as produced by the furnace. 
These differences consist not merely in a sharpening of the lines, 
but, in several cases, of a resolution of diffuse arc lines into two 
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or three components in the furnace. For lines remaining single 
in both furnace and arc the dissymmetry almost disappears in the 
furnace spectrum, so that wave-lengths very nearly free from 
widening influence are obtained. 

Photographs for the measurement of furnace lines were made 
in the second order of the 15-ft. concave grating spectrograph, the 
dispersion being 1 mm=1.86 A. The furnace was operated at 
about 2000°, which gave very sharp lines, without the reversals 
combined with incipient dissymmetry which appeared at higher 
temperatures. Standard lines were obtained by mixing a small 
amount of iron with the barium in charging the furnace. As far 
as \ 3640, the wave-lengths on the international system in the 
second column of Table III were deduced from measurements of 
these plates, the mean of three complete sets being taken. For the 
iron lines the values of Burns’ were used. Since the data on 
pressure-shift are scanty for this region, his wave-lengths, which are 
for the iron arc at atmospheric pressure, were used for the vacuum 
source without correction. 

The different appearance of the furnace lines as compared with 
those of the arc in air is shown in Plates II and III. The arc 
spectra above and below, in each plate, were photographed along- 
side the furnace spectra at 2350° and 2000° respectively (spectra 6b 
and c), and the close coincidence of symmetrically reversed lines 
such as \ 3071 and J 3501 in arc and furnace showed a freedom from 
instrumental displacement. The arc lines become more and more 
diffuse as the wave-length decreases until the lines to the violet 
of \ 3204, while they cannot be said to be absent, are so hazy as to 
be indistinguishable even on strong photographs. In the furnace 
they are well defined and fairly sharp and have been measured on 
the furnace plates. The other barium lines shown are so wide 
and unsymmetrical in the arc in air that only rough measure- 
ments are possible. Measurements of the furnace lines give not 
only a close value for the position of the unwidened line, but, 
in some cases, the wave-lengths of component lines whose presence 
is not indicated in the arc. This results from the fact that lines are 
frequently resolved into components which in the arc in air are 

* Lick Observatory Bulletin, 8, 27, 1913. 
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ELECTRIC FURNACE SPECTRA 1g 


merely wide, unsymmetrical lines with no indication of structure. 
These components sometimes occur in pairs, as for \X 3262, 3282, 
3377, and sometimes with a third component, as in the case of 
A 3222 and d 3420. The “position of the chief component is at 
the extreme violet edge of the arc line; this is also the case 
when there is but one component, as, for example, with \ 3357. 
The extra components, when they occur toward the red, might be 
considered as blending into a shaded line in the arc, but both \ 3222 
and \ 3262 show a component to the violet, where nothing appears 
in the arc. A violet component of \ 3323 is shown in Plate IIIc, 
but this is due to a strontium impurity. 

The question arises as to whether this resolution into compo- 
nents is due solely to the low pressure in the furnace or in part to the 
absence of the discharge conditions of the arc. To test this, photo- 
graphs were made at approximately the same temperature (2300°) 
with the furnace in vacuum and at atmospheric pressure, the results 
being compared with the spectrum of the arc in air. The results 
showed that the furnace at atmospheric pressure gives an inter- 
mediate spectrum to the extent that the extra lines characteristic 
of the vacuum furnace are weakened and an unsymmetrical widen- 
ing of the principal components has commenced; but the use of 
atmospheric pressure has by no means changed the furnace struc- 
ture into that of the arc. The distinctive features of the furnace 
lines, such as the violet components of \ 3222 and A 3262, are still 
present. 

Another method of making the furnace lines approach the struc- 
ture given by the arc is to increase the temperature of the vacuum 
furnace with plenty of barium present. This, as may be seen from 
Plate IIIb, leaves the relative intensity of the furnace components 
almost unchanged from the condition at lower temperature (Plate 
IIIc), but produces an unsymmetrical reversal of the stronger 
lines. This dissymmetry evidently is a beginning of the strong 
one-sidedness shown by the arc lines. 

The type of excitation occurring in the arc is thus chiefly re- 
sponsible for the fading out of certain components and the strong 
dissymmetry shown by the arc lines in this region of the barium 
spectrum. Increase of pressure reinforces the widening action but 
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is only slightly effective in changing the intensity of the compo- 
nents of furnace lines. 

Occurrence of barium lines in the solar spectrum.—That barium 
occurs in the solar atmosphere is rendered fairly certain by the 
strong arc pair \ 4554 and \ 4934, which correspond in each case 
with a close doublet in the solar spectrum. 5853.91 and A 6141.95 
also occur as strong solar lines. All of these lines are much weaker 
in the furnace than in the arc. Lines strong in both arc and furnace 
are faint in the sun, and often unidentified with barium by Rowland. 
Thus \ 5535.70, which dominates the furnace spectrum, if present 
in the sun, has an intensity of only o. Other strong furnace lines 
are still fainter in the solar spectrum, the tendency being toward a 
weakening of those lines for whose appearance the furnace is espe- 
cially favorable. Most of the ultra-violet lines of barium, strongly 
widened in the arc and reduced to sharp lines in the furnace, are 
of a type which should be present in the solar spectrum, though 
probably faint. It is of interest to examine some of the cases in 
which a wide arc line is replaced by two or three narrow lines in the 
furnace. Seven groups were taken, from \ 3183 to d 3421, and 
their wave-lengths on the Rowland system were deduced from 
neighboring iron lines. In some cases the position of the barium 
line coincides with that of a stronger line of another substance, but 
when this is not the case a solar line of intensity from oo to oo00 
invariably appears close enough to the position of the furnace line 
to be within the error of measurement. There is thus considerable 
probability that the solar conditions are such as to produce a reso- 
lution of these lines into the components which occur in furnace 
spectra. Such conditions, according to present evidence, appear 
to be a moderately high temperature combined with low pressure 
in the region occupied by the barium vapor. 


MAGNESIUM 


The magnesium lines listed in Table IV show a great variety of 
types. The low-temperature spectrum consists of the triplet near 
A 3830, the single line \ 4571, and the b group AA 5167-84. 2852, 
while one of the strongest lines observed during the furnace inves- 
tigations, is beyond the ultra-violet limit reached by photographs 
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of the low-temperature spectrum. 4571 is a low-temperature line 
of extreme type, in that it is decidedly weakened both in the furnace 


# TABLE IV 


TEMPERATURE CLASSIFICATION OF MaGNEsIum LINES 


" " FURNACE 
EXNER AND NACKEN Arc Crass 
HAScHEK (1.A.) Hig Medium Low 
Temperature | Temperature | Temperature, 
OST ree OPM 2739 55 5n Tig | Ditscecgenr measedloceccormy tem: IV 
BRS O Gone en 2730.60 ron Bo” OSS ait: nce aemeee IV 
BHO O20 <5 « 2770.704 Io yea Peat rca iry a Pec Ce IV 
Oy iy Rae ke RES 2778. 289 To FIT a Netra ee ce OH lis cor oe sits ci IV 
2770-05 Won. 2779 .853 12 IN Ba ncrreree etal aed. 5 be co IV 
PUSEAS Tare ans 2781 .431 axe) A blantirig iceman cores prceroneee IV 
QS O8 0.52% 2782 .980 Io Pe eal Sere cop ay Cl Nee Pete Peek IV 
BOS OAS ctare 2795-545 60 TOS oe| See RerasSooesca amen ceteioe IV 
28027 S2 a. on 2802.718 40 SiS ae | ote create rall oie eeteme onaee IV 
2852.25. 2852.128 300R r00oR AOORS Weenie enn Tit 
20372005 cee 2936.754 2 Iola Wr ine ae fe cece A IV 
2038 70% 22 2938. 487 4 4 ba a cathy the IV 
QOAP ABO ae 2042.016 8 8 BN | cratees eee iil 
BOQER2Os eo 3091 .093 20 20 Cee Ae pets III 
BOO EAS nace 3093 .O1I 40 40 Ton SCR ae eee Til 
BOOULOS eo .4 5 3096.914 50 50 Tul nee Il 
B330-00. 3-2) 3329 .934 Be) Io Lecumel Wcieiee soc Il 
Se Uae teem cite 3332.163 15 20 THe Ae ven Ill 
333083 aes 3336.688 20 30 209m | ate eer III 
3829.51T. 3829 .364 40 ? 20 a5) II 
3832.40T. 3832. 300 8or ? 40 30 II 
3838.457- 3838. 283 roor ? 50 40 II 
AOROEES Ste os 4057.81 5n 3 j Sete eee ce Til 
AFO. 8 lictercce 4167.65 ton sie een | Bee eee et Ae Ill? 
VO ea 4351 .940 30 ? pape Arcee nce IV 
A4571.311; 4571.114 5 ? 80 80 IA 
4703.40}. 4703 .069 40 [eee PR renin Ol anton toliod Vv 
GEOT SOs: od 5167.303 40 20 Be) 5 II 
572.877. 5172.673 80 40 25 I5 II 
5182.78 5183 .600 125 60 40 20 II 
52070. als 5528.466 Woe lhucee sd modinoo tooo medio d.ocoen Vv 
aft: SRST AEC 5711.127 ies ladon bo cor oor rin toe omnes es V 
REMARKS 
r 
2852. Line may attain enormous intensity in furnace. Reversals up to 30A 
wide have been observed. 
3829-3838. Difficult at high temperature on account of \ 3883 band. Apparently not 
stronger than at medium temperature. 
4167. Disturbed by band. ; 
4352. Concealed by band at high temperature. . ea 
4571. Very faint, if present at high temperature. Weakens as emission line; 
appears at 2500° as narrow absorption line. 
4703. Disturbed by band; very faint if present. 
5172-5183. Reversed at 2500°. 
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at high temperature and in the arc. It has not been possible to 
obtain this line strongly widened, as the conditions which give 
widening diminish its strength. At high temperature it is likely 
to appear as a narrow absorption line if the continuous background 
is strong enough. Its characteristics are very similar to those of 
d 6573 of calcium, and, like that line, it is a good indicator of low 
temperature. 

The furnace shows only faintly \ 4352 and A 4703, both of which 
are strong in the arc and not enhanced in the spark. The enhanced 
line \ 4481 is not listed in Table IV, as it does not appear in the 
ordinary carbon arc containing magnesium. As would be expected, 
no trace of it is found in the furnace spectrum. 

In the blue and green a series of spectrograms made in a previous 
investigation,’ when hydrogen at pressure up to 20 cm was used in 
the furnace, were compared with spectra given by the vacuum fur- 
nace, but the hydrogen appeared to have no effect on the line 
spectrum. 


SUMMARY 


The foregoing pages summarize an investigation of the furnace 
spectra of calcium, strontium, barium, and magnesium from the 
standpoint of the lines appearing at each of three stages of tem- 
perature. The lines are classified according to the temperature at 
which they appear and their rate of change with increase of tem- 
perature. Special note is made of connection with series relations, 
of change of characteristic features of the furnace spectrum with 
the wave-length, and of differences of structure in furnace lines as 
compared with those of the arc. The differences of structure, in the 
case of barium, have led to the measurement of a number of ultra- 
violet lines not given in tables of arc wave-lengths. 


Mount Witson SoLrar OBSERVATORY 
February 1918 


* Mt. Wilson Contr., No. 114; Astrophysical Journal, 43, 341, 1916. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


SIXTH PAPER: ON THE DETERMINATION OF THE DISTANCES 
OF GLOBULAR CLUSTERS 


By HARLOW SHAPLEY 
I. INTRODUCTION AND SYNOPSIS 


The derivation of parallaxes for globular clusters will contribute 
to several problems of general astrophysical interest. Through the 
introduction of a linear scale we may expect to learn much of the 
actual dimensions of these stellar groups, and of the relation to dis- 
tance from their centers, of the luminosity, mass, spectrum, and 
star density, and, eventually, of the internal motions. Since we 
may also be able to estimate at least a lower limit for the total mass 
involved in each group, the opportunity is promising for a contribu- 
tion to the rather meager supply of observed facts for studies in 
stellar dynamics. Further, a knowledge of the distances of these 
widely distributed systems, and of the highly luminous variable 
stars for which parallaxes will be obtained in the course of the same 
research, will add to our conception of the dimensions of the visible 
stellar universe. These problems are of enough importance to 
justify a considerable effort in the study of the distances of globular 
clusters and their distribution in space. As direct measurement 
of cluster parallaxes is out of the question, the procedure must be 
by other methods, such as those involving proper motions and 
luminosity correlations. 

The range in the absolute brightness of stars in many globular 
clusters is now known to exceed ten magnitudes, and we have as 
yet no reason to believe that the dispersion of luminosity in any of 
the typical globular clusters is not strictly comparable with the 
known dispersion in the general galactic system. Our ordinary 
investigations of cluster magnitudes, therefore, involve many stars 
of relatively great luminosity. Among these very brightest stars 
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reddish Cepheid variables of long period frequently appear, while 
among the stars two or three magnitudes fainter is found the typical 
cluster-type variable—a Cepheid with a first-type spectrum and 
a period less than a day. 

For some years we have known that the longer-period Cepheids 
in the galactic system are also giant stars, and a casual examination 
of their motions indicates a fairly small dispersion in actual lumi- 
nosity. The possibility is at once suggested, therefore, of utilizing 
the motions of galactic Cepheids to obtain a mean value of the 
absolute magnitude of such stars, which, when compared with 
observed magnitudes of analogous objects in globular clusters, per- 
mits an estimate of the distances of the clusters themselves. One 
obvious advantage of operating with a group of giant stars is that 
in many of the most distant clusters only the stars of highest lumi- 
nosity are within reach of our greatest telescopic power. It is also 
clearly of prime importance in problems of this nature, which 
involve faint stars and great distances, to have reliable systems 
of magnitudes established and to be able to ignore with safety the 
general scattering of light in space. 

The methods and results of the investigation of cluster parallax 
will be discussed in Papers VI to XII, inclusive, of the series of 
studies of magnitudes in clusters. The present discussion begins 
with the derivation of a mean absolute magnitude for the isolated 
Cepheids whose motions are well determined, and then considers 
the remarkable relation between the period of variation and the 
total light-emission of such stars. Examples of this interesting 
correlation, which may perhaps be considered a fundamental 
law in Cepheid variation, are found among the variables in no less 
than six different stellar organizations as well as among the galactic 
Cepheids. Combined with the very homogeneous and accordant 
data derived from motions, it permits the deduction of absolute 
magnitudes, and hence of absolute distances, with a surprisingly 
small computed probable error. In fact, unless some intrinsic weak- 
ness in the procedure or some overlooked alternative is found, 
we may believe that the distances of the Cepheid variables, and of 
the extremely remote globular clusters in which Cepheid variables 
have been studied, can be determined with a percentage accuracy 


82 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 3 


rarely excelled and usually unequaled by direct measures of the 
nearest stars. 

Now it happens that in many globular clusters no variable 
stars are as yet known; in others the Cepheids similar in period to 
those for which motions are known in the galactic system are of 
rare occurrence compared with the typical cluster-type Cepheid 
with period less than a day. We find, however, that the median 
magnitude of the typical cluster-type variable shows such an ex- 
tremely small dispersion in a given cluster that a constant value can 
be assumed; and when we adopt the reasonable and important 
hypothesis that the equality of the total light-emission is universal 
for such variables, the corresponding absolute median magnitude 
can be accurately derived from the analysis of the motions, magni- 
tudes, and periods of the longer-period Cepheids. The determina- 
tion of the parallaxes of certain clusters then becomes a by-product 
of the study of their typical variable stars. 

A further step correlates this median magnitude with the 
magnitude of the brightest stars in a cluster. A means is thus 
afforded of computing distances of all the clusters (whether or not 
they contain known variables) for which apparent photographic 
magnitudes of the brightest stars are measured. Finally, we find 
from the results derived by the processes outlined above that the 
parallax of a cluster is very definitely related to its angular diame- 
ter, and this yields a method of obtaining from already available 
photographs the distances of all globular clusters so far discovered. 

In the second article (the seventh paper of the general series) the 
individual distances of globular clusters are derived; their highly 
significant distribution in space is also discussed, and some compu- 
tations made of the linear dimensions, of the concentration of stars, 
and, provisionally, of the total masses in cluster systems. 

The parallaxes and co-ordinates in space of all Cepheid variables, 
for which magnitudes and periods are known, appear in the eighth 
paper. The chief uncertainty in the results is due to the lack of 
accuracy and homogeneity in published values of magnitudes. For 
the isolated cluster-type variables accurate values of the period are 
not essential in deriving distances, as the dispersion in absolute 
magnitude is small for periods less than a day. 
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The next paper contains three notes on certain theoretical and 
observational aspects of Cepheid variation. An interpretation is 
offered for some of the results obtained in studying the distances of 
clusters and variables, the relation of color to period is examined 
observationally for cluster-type variables, and a composite color- 
curve is derived for more than a hundred variable stars. 

An inquiry into some problems of the frequency of stellar lumi- 
nosities appears in the tenth paper. The magnitudes of several 
thousand cluster stars have been measured for this discussion. 
Some light is thrown on the meaning of the median magnitude of 
variables, and the propriety of its use for parallax work, rather than 
the use of maximum or minimum, is established. 

The eleventh paper treats briefly of the distances and distribu- 
tion in space of various objects and classes of objects. The data 
derived from clusters and variables is supplemented by the results 
of other investigators for different types and groups of stars. 

The last article, summarizing the facts and indications: of the 
preceding papers, contains a preliminary attempt to discern the 
general plan of the sidereal system. The arrangement proposed 
has its principal justification in that it appears to be a simple 
interpretation of the new data and at the same time does not seem 
to be inconsistent with previous observational results bearing on 
the structure of the universe. 

In the accumulation of the observational material for these 
studies much credit is due Miss Davis for the measurement of large 
numbers of stars in many difficult cluster fields. She has also 
assisted throughout in the reduction and discussion of the observa- 
tions. Mrs. Shapley has collaborated in the treatment of most of 
the problems and, in particular, is responsible for large parts of the 
tenth and twelfth papers. Valuable assistance in the preparation 
of the papers for the press has been given by Miss Connor. Mr. 
Pease has freely permitted the use of his long-exposure cluster 
photographs. Data relative to parallaxes have been kindly fur- 
nished by Mr. van Maanen and relative to spectroscopic results by 
Mr. Adams. Special acknowledgment is due Mr. Seares for many 
valuable suggestions and criticisms and for painstaking editorial 
supervision of the whole series of cluster papers. 
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Il. THE MEAN ABSOLUTE MAGNITUDE OF CEPHEID VARIABLES 


Hertzsprung’ and Russell? have computed the mean absolute 
magnitude of Cepheid variables from the proper motions given in 
the Preliminary General Catalogue of Boss, and the former has 
published his work in some detail. With a few corrections to the 
observational data the computations are now repeated and some- 
what extended. The material is not extensive, and its sufficiency 
for this problem might well be questioned if it were not for the 
fortunate circumstances that the data are complete for each star and 
in most respects homogeneous; that no evidence of preferential 
motion is found; and that the peculiar motions of such stars, without 
exception, are small compared with their parallactic drifts. Hertz- 
sprung tabulates 13 stars, but two of them are not typical Cepheid 
variables and have been excluded;* no others have sufficiently 
accurate proper motions to be added to the list.$ 

Table I contains observational data relative to the group of 
1m Cepheids. With the exception of Polaris, all are near the 


t A stronomische Nachrichten, 196, 201, 1913; see also Zeitschrift fiir wissenschaft- 
liche Photographie, 5, 94, 107, 1907. 

2 Science, N.S., 37, 651, 1913. 

ASSN. jay ese 

4 Both the period and light-curve of « Pavonis are subject to considerable per- 
turbation according to Gould (Uranometria Argentina, p. 244, 1879), and Roberts also 
notes the star as an exception to ordinary Cepheid variation. The light-variation of / 
Carinae is peculiar; “‘an irregular and ill-defined secondary maximum has frequently 
been observed”? (Roberts, Astronomical Journal, 21, 89, 1901). Albrecht has just 
reported a variation in the spectrum of / Carinae from F8 to G5 (Popular Astronomy, 
25, 519, 1917), and it may be the star is not so abnormal as was believed when the 
computations for this paper were made. 

The typical Cepheid characteristics of the eleven stars used are attested not 
only by their light-curves, but also in every case by spectroscopic study. We have 
no velocity-curves for J Carinae and « Pavonis. The inclusion of both in the discus- 
sion would change the final result by less than its probable error. Including « Pavonis 
would greatly decrease the certainty of the computed absolute magnitudes, though 
not altering them seriously, while the inclusion of / Carinae alone would make no 
appreciable difference in either the result or its probable error. 

s The values given by Perrine in Astrophysical Journal, 41, 308, 1915, for Y 
Ophiuchi and SZ Tauri are too uncertain for the present work. The proper motion of 
RR Lyrae, period 13.5 hours, is rightly excluded; see the eighth paper of this series, 
“The Luminosities and Distances of 139 Cepheid Variables,” Mt. Wilson Conir., 
No. 153, 1917. 
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galactic plane; their distribution in galactic longitude is satis- 
factory. The median visual magnitudes differ in some instances 
from those used by Hertzsprung ; the spectral types, taken mainly 
from Contribution No. 124, are known to be variable for all but 
two of the stars. The proper motions have been reduced to the 
parallactic system of co-ordinates, v being counted positive in the 
direction of the antapex. Without further reduction the paral- 
lactic motion is conspicuously evident, the unweighted algebraic 
means being 


aie (x) 


v=+07%016 


All values of v are positive. The distances from the apex of the 
solar motion, \, are very favorable for the weight of the solution. 

Curves of velocity-variation have been determined for all of 
these stars, mainly at the Lick Observatory. Seven of the values of 
V, the observed radial velocity of the center of mass, are taken from 
Duncan’s compilation in Lick Observatory Bulletin, No. 151. The 
value for a Ursae Minoris, computed by Miss Hobe, has been given 
by Campbell,’ and those for X Sagittarii3 and 6 Cephei* were com- 
puted by Moore. The value for SU Cassiopeiae is obtained from 
an unpublished discussion by Adams and Shapley of the variations 
in light, velocity, and spectral type.’ 

Some of the steps in the reduction appear in Table II. To 
eliminate possibie effects of the dispersion in distance the proper 
motions were reduced to the common apparent magnitude +5, 
which is very near the mean apparent median magnitude of the 
variables, +4.8. The weights of the individual values of the 
reduced parallactic motion, v;/sin \, were determined in the manner 
suggested and used by Hertzsprung.° They depend on the dis- 
tribution of velocities for this type of star, on the probable errors 


t Astrophysical Journal, 44, 273, 1916. 3 [bid., 5, III, 1909. 
2 Lick Observatory Bulletin, 6, 19, 1910. 4 [bid., 7, 153, 1913. 


5 Mt. Wilson Contr., No. 145, 1917. Note added to proof, April, 1918: The source 
of the visual magnitude 6.23 is Harvard Annals, 50, and not the Preliminary General 
Catalogue, as erroneously printed (Astrophysical Journal, 47, 50, 19 18). 


6 Astronomische Nachrichten, 196, 203, 1913. 
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given by Boss for the individual proper motions, and on the dis- 
tances from the solar apex. The weighted mean value and its 


probable error are 
Vv, 
5 


sind 


=+0/%0161+0”0016. (2) 


It is of interest to compare this value with (1). The corresponding 
value derived by Hertzsprung, if we reduce his result to the same 
apparent magnitude, is 


Us 
sinA 


=+0”0146+0"0022 
from which he derived for the mean parallax of a Cepheid of the 
fifth apparent magnitude 

p;=0"0035+0"00054, 


and for the mean absolute magnitude, corresponding to the mean 


period of 6.6 days, 
M=—2.3+0.35. 


The larger probable error of his value of v;/sin\ is attributable 
mostly to the inclusion of the highly discordant x Pavonis. 


TABLE II 
SOLUTION FOR MEAN PARALLAX 

- OBSERVED fi . PAwan 

Oss s i 

il IS Pn eRe Te bes 

Ts Us : 

325..|/+0%004 |+o"orr |+o0%0713 99 = | +0%014 |—0.003 | — 4E™| o%0r28 
637..|+0.012 |+0.021 |+0.022 48 +0.016 |+0.005 | — 2 22 
1629..|—0.005 |+0.028 |+0.032 61 +0.014 |+0.014 | +12 30 
1815..|—o.001 |+0.006 |-+0.007 83 --O.013 |—0.007 | — 6 54 
4493. .|—0.003 |+0.020 |+0.023 80 +0.014 |-+-6.006] — 4 39 
4564. .|+0.008 |+0.011 |+0.013 69 +0.014 |—0.003 | —18 39 
4632. .|+0.009 |+0.017 |+0.022 T2 +0.012 |+0.005 | +18 24 
5071..|-+0.001 |+0.008 |-+0.013 48 +0.010 |—0.002 | + 2 52 
5098..}—o.001 |+0.006 |+0.012 16 +0.008 |—o.002 | + 6 24 
5370. .|—0.016 |+0.014 |+0.024 II +0.009 |+0.005 | +16 24 
5807. .|+0.002 |+0.008 |+0.010 79 +0.013 |—0.005 | — 4 0.0050 


With the value of the sun’s velocity adopted by Hertzsprung, 20 
km/sec., equation (2) gives p;=0"%00386 and M=—2.06; but later 
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determinations from radial motions point to a higher velocity of 
the sun. We have the following recent values, based on a greater 
proportion of giant stars than were included in the early determina- 
tions and therefore probably more reliable because of smaller 
peculiar velocities: 


km/sec. Mean Error 


Charlier, 156 B-type stars (mag.<5.0), Vo =21.26 

Gyllenberg,? 284 B-type stars =22.06+0.01 
Gyllenberg, 291 A-type stars =19.77=1.45 
Strémberg,3 1400 F, G, K, M, giant stars =21 46-1 .02 


Adopting Vo =21.5 km/sec., 


v 


p sind 


4.535 
Ps = 0"00354 = 0700035 (3) 


and the absolute magnitude, corresponding to the mean period 
of 5.96 days, is 


M=-—2.26+0.22. 


Computing for each star that part of the v-component due 
to parallactic motion, o’0161 sind, and subtracting these values 
in the sixth column of Table II from the observed values of vu; in 
the third column, we obtain in the seventh column values for the 
peculiar velocity parallel to the direction of the sun’s motion. The 
values of 7; and of “residual v,” are in satisfactory agreement.‘ 
Their mean values, without regard to sign, are 


T; =0"0056+0" 0010. 


Residual v,=0 .0052+0 .0007. 


t Meddelande frén Lunds Astronomiska Observatoriwm, Serie II, No. 14, 1916. 

ZO INO Tat OLS. 3 Mt. Wilson Contr., No. 144, 1917. 

4 A considerable part of the agreement is a necessary consequence of the magnitude 
of the observational errors relative to those of the proper motions. The average prob- 
able error for the annual motion in one direction is about +o7004. As the peculiar 
motions are not greatly in excess of the errors of observation, possibly less weight 
should have been given to (6) in obtaining the final value (7). The difference between 
(3) and (7), however, is less than half the probable error of either. 
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Combining all twenty-two values, with half weight for the residual 
vs= components because one constant has been derived from them, 
we obtain the mean value for the peculiar proper motion in one 
direction 

by =0"%0055 +0"00064, (4) 


a value about one-third that of the derived parallactic motion. 

The observed radial velocities corrected for the sun’s motion" 
are given in the eighth column of Table II. Their arithmetical 
mean value is 

Vo=8.35+1.29 km/sec. (5) 
and we derive from (4) and (5) an independent value of the mean 
parallax ; 

p= 4 AES = 0110031 + 00005. (6) 
Probably the very close agreement of (3) and (6) is partly chance. 
If in the place of (5) we use a value based upon all known radial 
velocities of Cepheids, we add to the eleven values in Table II 
nine others, most of which are only rough estimates,? and obtain 
V.=9.58 km/sec., p;=0%0027. 

Giving double weight to (3), or, what amounts to the same, 
combining (3) and (6) with regard to their probable errors, we 
obtain the final values: 
ee (7) 
M=-—2.35+0.19 u 
The probable errors of the foregoing mean values include the errors 
in the observed proper motions and radial velocities and some 
uncertainties of reduction; but they do not include the errors 


* The value 21 km/sec. was used for the sun’s velocity in this computation, but 
no difference in the mean value would result from using 21.5 km/sec. 


2 The additional stars are SU Cygni, Y Ophiuchi, SZ Tauri, T Monocerotis, and 
five southern Cepheids for which very approximate velocities have been estimated 
recently by Paddock from a few plates of each (Lick Observatory Bulletins, 9, 68, 1917). 
The value for T Monocerotis is a little more than a guess (Astrophysical Journal, 23, 
266, 1905). The velocity curve of SZ Tauri is by Haynes (Lick Observatory Bulletins, 
8, 85, 1914), and for the others Duncan’s table furnishes information. 
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(relatively much less important in the derivation of M ) in the 
apparent magnitudes and the velocity of the sun, nor the uncer- 
tainty arising from any systematic motion or drift of the Cepheids 
as a group. 

From the value (7) and the apparent median magnitudes in the 
seventh column of Table I, the individual parallaxes have been 
derived and entered in the last column of Table II. The probable 
error of each value depends only on that of M and the uncertainty 
of the corresponding apparent magnitude; its average is about 
+o%0007, or 15 per cent of the tabulated parallaxes. Better 
values of these parallaxes are derived later." 


TABLE III 
Boss Number Observer Rel. and P.E. Absolute = HPs ta 

Be SUB Wa ney: sete Flint e¢ al. +o07%018 +07%028 +o0%016 
Os eee eee fe van Maanen |+0.008+0.003 +o.o10 +o.004 
TOUS Ark wus oe Abetti, Miller |+0.0190.009 +a.025 +o .004 
(StS; ey Ce ae aed Mitchell +0.001+0.009 +0.006 +0.005 
(X Cygni)..} Miller 0.000+0.008 +o0.006 +o.0o01 

Es epee ae Lee and Joy |—o.o16+0.014 —o.O1I +o.018 


Direct measures of the parallaxes of four of the 11 Cepheids 
here considered are available for comparison with the results of the 
present investigation. The data are shown in the first four lines of 
Table III. Flint’s parallax (absolute) of Polaris, +0”008+07016, 
is combined with six of the more recent determinations listed by 
Kapteyn in Groningen Publications, No. 24. The values of the last 
column are taken from a later paper of this series. ‘The absolute 
values are systematically larger than those based upon the parallac- 
tic motion, the mean difference being +0”o10 for the first four stars, 
which corresponds to a difference of approximately two magnitudes 
in the absolute brightness. This discrepancy is large and raises 
a question as to possible sources of error. 

We note, however, that the inclusion of X Cygni and the short- 
period variable 6 Cephei (Boss 5532)? reduces the difference in the 


t Mt. Wilson Contr., No. 153, the eighth paper of this series. 


2 Their parallaxes are determined later by the method used to calculate the final 
values for the 11 Cepheids, although they could not be included in the original group. 
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mean values to -+o”003; and, further, according to an unpublished 
investigation by van Maanen, there is some evidence that the 
directly measured parallaxes require systematic corrections sufh- 
cient to bring the mean value below that derived from the par- 
allactic motion by o”oor. These circumstances illustrate the 
uncertainty of any conclusion based upon a small number of 
directly measured parallaxes whose values are as minute as those 
of the Cepheid variables appear to be. 

On the other hand, the smallness of the proper motions makes 
the calculated parallactic motion sensitive to any systematic 
errors in the observed motions, provided the errors are so large 
or so distributed that the mean value of #; is affected. An attempt 
to determine directly from the observations a systematic correction 
to the proper motions is not expedient, however, as the number of 
stars is small and they are widely scattered over the sky. The 
reduced individual motions should reveal any conspicuous error. 

If we assume a systematic correction to the proper motions of 
the amount used by Kapteyn (Contributions, Nos. 82 and 147) for 
some of the B-type stars in the southern hemisphere, and suppose 
that its effect is not obliterated in the mean result, the deduced 
absolute brightness might be changed by about one-tenth of a 
magnitude, an amount clearly insufficient to question the general 
accuracy of the present result. 

In the introduction to the Preliminary General Catalogue Boss 
has suggested as provisional systematic corrections to his proper 
motions: 

dp. = +0800021 —OSo00Ts sina tan d 


dps = —0%0023 cosa 


These corrections have been applied to the proper motions of the 
Cepheids and revised values computed for the r- and v-components. 
In Table IV the probable errors of the proper motions, as given 
by Boss, should be compared with the proposed systematic cor- 
rections. (For the first star, Polaris, a systematic correction of 
this general nature is of course not appropriate.) 

In nearly every case the probable error exceeds the systematic 
correction, and in the average it is about three times as large. The 
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revised values of 7 and v should be compared with the analogous 
values in Table I. The average correction to v is just one-half the 
probable error of the proper motion in one direction, and the sys- 
tematic correction to the farallactic motion is also about one-half 
of its probable error. The corresponding correction to the adopted 
absolute magnitude would be less than +0.05, an amount safely 
negligible. We conclude, therefore, that unless the systematic 
errors are assumed to be of a wholly different order of magnitude 
from those derived by Kapteyn and Boss the mean parallax of these 
Cepheids is essentially correct. 


TABLE IV 
REVISED 
Boss No. P.E. oF Le P.E. oF bbs qu ins it i hoe Sa Av 
cP v 
325... .|=0800343 |=070008 |(—0$00225) |(—0%0022) | +o”ors j|to%o4r | 0000 
OB Hicc ot] 88 4o | — 4/- m7 i+ 7 i+ 16 |+ 2 
FOZ er! 37 35 | + 12 |+ 2 \|— Bie Be I 
EOTR. 2, «1 EL ip | oe 16 | + 6 ° |+ = 2 
BROS. | 23 30 | + 13 | + 1 |— 2\|+ 22 |- I 
ASOA as 35 44 | + m2 }-+ lee anedeS am ° 
ROZ2 rn sch) 74 80 | + 16 | — B® | ae 8 is" re ° 
BOE few 20 2 + 21 | — To |-+- Gise 25 lar 3 
HOOGRa ce ah 40 | + 25 |— Ir o |j+ 8 i+ 4 
5370. ..-| 59 637) =- 2 Mes Toei Tit A3cige es 
5807... . |=0.00020 +0.0017 | +0.0003I | —0.002I1 ©.000 |+0.014 |-+o.002 
| 


There remains, however, the possibility of systematic error in 
the mean distance due to a preferential drift of the Cepheids as a 
class—a drift which, in order to escape ready detection by means 
of the peculiar motions, must be either very small or nearly in the 
direction of the solar motion. Suppose, for example, that the 
mean absolute magnitude of the eleven Cepheids were zero rather 
than —2.35. This corresponds approximately to the extreme sys- 
tematic difference indicated by the directly measured parallaxes. 
Then the mean parallactic motion would be o%o5, that is, three 
times the observed value (which is determined with a computed 
error of only ro per cent). To harmonize this assumption with 
the observed parallactic motion we must assume an annual prefer- 
ential drift of 0”%03 in a direction deviating but a few degrees from 
the solar apex. Such a drift should reveal itself in the radial 
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velocities, which show no effect of the required order of magnitude. 
As a matter of fact, the mean component of these velocities (cor- 
rected for solar motion) in the direction of the sun’s apex is +3 .3 
km/sec. with a probable error of +3.5. The corresponding effect 
on the mean parallactic motion would be of the order of 07003, 
or one-tenth that required; and the uncertainty, arising from this 
source, in the mean parallax given in (7) is perhaps of the order 
of o” 0006. 


TABLE V 
Boss No. b's Probable Error M Period wT 
Celie: acne nier 0% 0029 +0" 0009 —2.7 3907 o”or1o 
GGMSA 6 Alive S 49 13 —1.6 1.95 32 
LO2Z0% ane ure 71 re On], B93 63 
TOTS ae eee I5 Io —4.1 LOs15 24 
AAG 2 cee 10 =—1.5 7.01 58 
AS OA rae ree 20 II S235) 7.59 33 
A032 ner 49 26 —1.6 shy hal 33 
LeVine Hiceas 20 13 — 27 7.18 45 
OOS earner 26 22 —2.0 8.38 18 
PU Ke vbig, cccant 53 27 — ees 4.44 36 
SOT erences 0.0022 +=0.0010 SBS Bey) ©.0033 


A general solution for the preferential motion, based on all the 
Cepheids for which radial velocities are available,’ gives the follow- 
ing values for the velocity of the hypothetical drift, its rectangular 
components, and the position of its apex: 


V =6.4+3.0 km/sec. 
X=+0.2+6.2 Y=—1.8+2.6 Z=+6.1=3.0 
A=275° +1959 D=+74° +131° 


The relative magnitudes of the probable errors show that as far 
as this material goes there is no appreciable motion of the Cepheids 
as a class. 4 

Referring again to the data of Table II, we assume, for the 
purpose of computation, that the v-component for every star in the 
foregoing tables is wholly parallactic. Then the parallax of each 
variable, reduced to apparent magnitude +5, is pj=o0.22 v,/sin 2, 
and the corresponding absolute magnitudes are as given in Table V. 
Proceeding as above, where a constant value of M was used, new 


«See n. 2 on p. Io. 
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values of 7 are obtained. Their fairly close agreement with the 
results of the last column of Table II further emphasizes the rela- 
tive smallness of the neglected peculiar motion.? 

The chief interest of Table V, however, lies in the comparison of 
the absolute magnitude with the period of variation. A marked 
correlation is at once evident,” and if we combine the stars in order 
of period into small groups so as to eliminate some of the effect of 
the neglected peculiar motion in v and some of the errors of observa- 
tion, we find 


Number of Stars Meine Period 
1 eee TS NR a —4.1 10.15 days 
Bn conenteyetucuee ots ES PHO 
Bi Me eceeatqos oiieee ss 2) ii 6.05 
Bee etches, oastete tele SHE 4.05 
EC aya! a rosovorsketwisie. stor ial’ I.95 


The probable error of the mean absolute magnitude would be 
further reduced by allowing for this correlation between luminosity 
and period.3 


Til. THE RELATION OF PERIOD TO LUMINOSITY 


From the plot‘ of the numbers in the fourth and fifth columns 
of Table V a new absolute magnitude is obtained for each star, and 


t This agreement further suggests that the number of stars is sufficient to give a 
dependable value of the mean parallax. We may, in fact, group the stars in threes, 
either at random, or in the order of any characteristic (except period), and the separate 
means will almost invariably give a value differing by less than half a magnitude from 
the mean value for the eleven stars. 


2 This might be interpreted as a peculiar distribution of the v-components depend- 
ing on the length of the period, but further work on the relation of period to luminosity 
completely disposes of this unlikely alternative. 


3 The correction, however, is very small because the principal source of the prob- 
able error remains in the dispersion of the residual v;-components. Since M=f(P), 
we observe that the reduced parallactic motion, ;/sin \, is also a function of the 
period, and that for the extremes of period the residual v; values really contain some 
portion (positive or negative) of the parallactic motion. A new solution, which 
involved the reduction of the observed proper motions to apparent magnitudes 
depending on the period rather than to the common apparent magnitude +5 , natu- 
rally gave no appreciable difference in the mean parallax and absolute magnitude, and 
reduced the probable error of the latter by less than 0.02. 


4The deviations from the smooth curve correspond in general to the residual 
u;-components, providing we grant that M is uniquely defined by P. 
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these smoothed values are plotted against the logarithm of the 
period as large circles in Fig. 1. From a final curve, based on 


Logarithm of the period 
+1.0 


Absolute magnitude 


Fic. 1.—Luminosity-period curve of Cepheid variation. The various symbols 
designate variables from seven different systems. The short bisecting line at abso- 
lute magnitude —2.35, log period 0.775, indicates the mean values for Cepheids of 
known proper motion. Most of the symbols for periods less than a day represent 
averages of about ten variables. Of the six largest deviations, four refer to values 
of particularly low weight. Table XI contains co-ordinates of the adopted curve. 


such material as this, we shall presently derive the absolute 
magnitudes and distances of all Cepheids for which the periods 
are known. 


«The eighth paper of this series contains the results for the individual stars 
(Mt. Wilson Contr., No. 153). Without correcting for the progression of color with 
period, and assuming a linear relation between period and luminosity, absolute magni- 
tudes have already been computed for two-thirds of the long-period Cepheids by Hertz- 
sprung (Astronomische Nachrichten, 196, 205, 1913) and by Russell for a paper by 
Russell and Shapley (Astrophysical Journal, 40, 417, 1914). The individual results 
were not published. 
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Some years ago Miss Leavitt found a similar relation between 
the apparent photographic brightness and the length of period for 
the Cepheid variable stars in the Small Magellanic Cloud.t| In 
order to support the result derived above for isolated Cepheids and 
to obtain a definitive luminosity-period curve, we may reduce her 
results to the absolute visual system of the present work. From 
certain globular clusters information that is still more valuable 
may be obtained through the correlation of the luminosities of the 
long- and short-period Cepheids. The various sources will be 
taken up separately. 

1. Small Magellanic Cloud—The magnitudes given by Miss 
Leavitt for stars in the Magellanic clouds are based upon estimates 
on ordinary photographic plates and are referred to a provisional 
scale and zero-point. The uncertainty of the zero-point is of no 
importance for our immediate purpose. As the magnitude scale 
is probably nearly correct, we shall adopt it as it stands, giving 
diminished weight to the brightest and faintest stars, and trans- 
forming the median brightness of the variables from photographic to 
visual apparent magnitudes. 

The reduction to the visual system will be very small for the 
short-period variables, but probably as much as two magnitudes 
for some of the red stars with periods longer than ten days. In the 
absence of direct color or spectral determinations the change to 
visual magnitudes must be made on the basis of length of period, 
using the data already collected for an earlier paper.? With a few 
modifications based on recent spectral classifications,’ the material 
is given again in Table VI, the last two columns of which are plotted 
in Fig. 2. The curve as drawn in the figure has been used for all 
color corrections; but for periods greater than one day a linear 


formula 
Color-index= —o0.55+1.5 log P 


represents satisfactorily the change of color with period. The prob- 
able interpretation of the curve is discussed in a later article.‘ 
« Harvard Circular, No. 173, 1912; ibid., No. 79,1904; Harvard Annals, 60, 106, 1908. 
2 Mt. Wilson Contr., No. 92; Astrophysical Journal, 40, 448, 1914. 


3 Mt. Wilson Contr., No. 124; Astrophysical Journal, 44, 273, 1910. 
4“ Three Notes on Cepheid Variation,” the ninth paper of this series. 
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Of the 969 known variables’ in the Small Magellanic Cloud the 
periods of 25 have been determined. The designation, logarithm of 


TABLE VI 


PERIOD AND SPECTRAL TYPE 


imi . of Mean 
Somer cane Namiber of). Color nde Wit peepee 
Bo to Ag... A4 15 InOnnS —o.26 
Fo to Fo... F5 27 +0.6 +0.78 
Go to Go... G5 31 +1.0 +1.04 
Ko to Ko... K5 9 1.4 +1.26 
M-+.... Ma 3 +1.6 +1.52 


“ 


the period, median? photographic magnitude, reduction for color- 
index by means of the curve in Fig. 2, and the adopted visual magni- 
tude are given for each star in successive columns of Table VII. 


Logarithm of period 
+1.6 -+1.2 +0.8 Ore 0.0 —0.4 


Color-index 


Fic. 2.—Change of median color with period for Cepheid variables 


The visual magnitudes of the 25 variables were reduced as 
follows to the absolute system represented in Fig. 1. The pro- 
visional luminosity-period curve, based on the isolated variables 
as described in an earlier paragraph, covers only a part of the 
interval for which periods have been determined in the Small 

* Harvard Annals, 60, No. IV, 1908. 

* The mean of the values for maximum and minimum. 
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Magellanic Cloud. To reduce to the absolute scale, values of the 
absolute magnitude corresponding to the observed periods of the 
second column have been read from the provisional curve for 
the 13 variables with log P between 0.27 and 1.00. The results 
are in the sixth column of Table VII; in the seventh are the 


TABLE VII 


CEPHEID VARIABLES IN SMALL MAGELLANIC CLOUD 


Median Pg. 


riarvand Golozndex Meds Absolute : Provision- 
Variable | Los- Per. Cit) fon eure Vis: Mag. ba tae Pasa Oat 
E505....| 0.098 15.4 +o. 2 EG DvP lawarecccneveteve Into eO ee —1.2 
EASO= a |, (OL 22E 15.6 0.3 TS 23 Ws cus eeyensiel| le aes meow iit 
1446....| 0.246 15.6 On LS Soy cr eee eat caches | ae aes Det 
PECs cia O78 15.7 0.3 I5.4 — Te —16.5 DEO 
EATS re al) Os Sar Eo 0.3 14.9 10.8} 16.2 Tats 
TAO YO: 404. T5<0 0.4 14.6 ets 16.1 1.8 
E422). oi 00545 Tsie3 0.4 14.8 tei 16.5 1.6 
S4 re atl) LOd0s2 Toes 0.5 14.8 1.9 16.7 1.6 
TAQ Re LO n055 14.8 On5 14.3 2.0 16.3 2a 
EVA2 1 <-\) O.008 14.9 0.5 14.4 Bai 16.5 2.0 
TOAOs ec On 720 14.9 0.6 14.3 Dy iy 16.5 Dit 
LOFOSe aisle Ose 14.8 0.6 14.2 QP 16.4 DEB 
TAO? ce x 2i\\ "On. 700 14.3 0.6 17 2.3 16.0 27 
TACO pe Onoes 14.4 On], eval 2.4 16.1 Bo 
ESR oe ae Or Ory. 14.4 0.8 13.6 aay, TOMS 2.8 
DS yAnpeea|, O, 024 14.5 0.8 ony nO —LOmS Dy) 
SIS Scuee ELODsy 14.2 0.9 89.90 [== Saul 
TOLO Se cic| ... C06 14.0 TO 13.0 |Mean diff. —16.4 Baa 
ESOS A crcl] 1. CO4 14.3 aE ee BaP 
ESC pee or TT O T3<0 Ted i073 Ke) 3.6 
Sareea eaesO EGO Tact 277 Bol 
SO eel Beye 13.8 Teg 12.5 3.9 
S2e ee eres Od 1064 JB 10 11.6 4.8 
Seat Ee OrS i a 2.0 10.1 6.3 
Ie 8 all | eaeakeyl 11.6 SPA 9.6 Ome 


differences between the magnitudes from the curve and the appar- 
ent magnitudes. The mean difference, —16.4, is the reduction 
constant, which, applied to all apparent median magnitudes, gives 
in the last column the corresponding absolute magnitudes. In 
making this transformation, the purpose of which is to relate change 
of period with change in absolute visual magnitude, we make no 
assumption regarding the actual luminosity of Cepheid variables 
in the Magellanic clouds; but as soon as we use the reduction con- 
stant as a measure of distance we assume, of course, that variables 
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of a given period are of comparable luminosity, whether they are 
in the general galactic system or in separate stellar organizations 
such as globular clusters and the Magellanic clouds. 

The absolute magnitudes of the last column of Table VII, 
plotted in Fig. 1 as dots, show that the same relation holds for the 
Cepheids in the Small Magellanic Cloud and in the galactic system, 
and that an improved and extended luminosity-period curve may be 
based upon the combined data. The relation appears so definite 
that the prediction of the length of period on the basis of magnitude 
estimates should be possible for most of the 944 other variables 
in the Small Magellanic Cloud.t. Two or three hundred of them 
are fainter than any for which the period has been determined. It 
is very probable that they are cluster-type variables with periods of 
the order of twelve hours. With no correction either for color 
or for divergence of magnitude scale their median magnitudes on 
the absolute system are about —o.3, agreeing almost exactly with 
the mean value determined below for cluster-type variables in 
globular clusters. 

It is important to note further that magnitude 16.0 in Miss 
Leavitt’s provisional system marks an abrupt and definite fainter 
limit to the median brightness of the variables in the Small Magel- 
lanic Cloud. The plates, which were made with the 24-inch Bruce 
telescope with exposures varying from two to five hours, are suffi- 
cient to test this matter, for minima are observed as faint as 17.0, 
but, with one possible exception, no maximum is recorded fainter 
than 16.0. A similarly definite fainter limit to the interval of mag- 
nitude throughout which Cepheids occur has been observed in 
globular clusters, particularly in w Centauri, and Messier 3, 5, 


* Without doubt nearly all variables in both clouds belong to the Cepheid class. 
In the Small Cloud, however, four variables have an observed range of at least three 
magnitudes, and are probably long-period variables rather than Cepheids. Possibly 
a few others have larger ranges of variation than shown by the plates examined by 
Miss Leavitt and are also long-period variables. It seems to be a definite observa- 
tional fact that no star that otherwise has typical Cepheid characteristics is known 
to have a range in excess of two magnitudes. The value, photographically, falls 
usually between 0.8 and 1.5, regardless of the length of period. Hence the appropri- 
ateness of Eddington’s search for the physical reason of an upper limit to the ampli- 
tude of a pulsation in a gaseous star (““The Pulsation Theory of Cepheid Variables,” 
Observatory, 40, 290, 1917). 
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and 13. The concurrent progression toward a definite limit of 
luminosity, spectrum, and period suggests that, in the evolutionary 
sequence of stars, Cepheid variation is abruptly limited at or near 
the blue end of the giant series because of the changing physical 
conditions in the interior of the gaseous masses. 

2. w Centauri.—Of 132 variables observed by Professor Bailey 
in the southern cluster w Centauri,’ periods were determined for 93, 
of which 3 are long-period Cepheids. From the observations and 
notes it has been possible to derive approximate results for two 
others with periods in excess of aday. In Table VIII the correction 
to visual magnitude and the reduction to the absolute system follow 


TABLE VIII 


CEPHEID VARIABLES IN w CENTAURI 


Designation | Log. Per. Pesaran Visual Mag. ee Difference PES: 

ERpaetttien atevc re) 10.45 8.80 —An7O aS O) — OO) 
2Or wie, S ey) II.94 10.76 —3.60 —14.43 33, Cl 
1 Ge 0.66 12.08 II.60 ——2nOO —13.60 20) 
WOserede. igi seve Orie L274: 12.52 — TROL alee —1.28 
OLE moter ese 0.36 12.92 12.60 —1.35 —13.05 ao 
GQR tee Ons EES 5 TO ree | OL O) 
DGG) ome ck —0.12 13.54 13.37. | Mean diff. —13.80 —0.43 
CSP eee —0o.40 13.61 13.49 —o.31 


the same plan as that for the Small Magellanic Cloud. The magni- 
tudes of the fifth column were read from the improved luminosity- 
period curve, but since at this point in the discussion the curve 
has not yet been extended to periods less than a day, the three 
groups of cluster-type variables were not used in the reduction. 
The light-curve of No. 29 is hardly typical of Cepheids, and its 
magnitude also appears somewhat discordant. In obtaining the 
reduction constant, —13.80, half weight was given to the ap- 
proximate magnitudes for Nos. 48 and 61. The numbers in 
parentheses in the first column refer to the total number of stars in 
each subgroup. Plotting as crosses in Fig. 1 the values of the 
second and last columns, the luminosity-period curve is further 
improved for the ordinary Cepheids and is extended to the cluster- 
type variables. 


t Harvard Annals, 38, 1902. 
IOI 
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3. Messier 5.—Professor Bailey has recently determined the 
periods and light-curves of about 70 variables in Messier 5." Of the 
three with periods longer than a day, two are certainly Cepheids. 
The third, No. 50 of Bailey’s list, with a period of 106 days, is one 
component of a close bright double. . Its observed magnitude is 
certainly diminished by the Eberhard effect, possibly to a great 
extent. Professor Barnard has observed visually all three of these 
stars.2 In a recent letter he states that the measures of No. 50 
do not give the rapid rise to maximum light that is typical of 
Cepheid variation. If the star were included without correction 
for the Eberhard effect, it would deviate more than three magni- 
tudes from the curve. 


TABLE IX 
CEPHEID VARIABLES IN MESSIER 5 
Median Pg. Ae 

Designation Log. Per. “Mag. Visual Mag. eee Difference ees 
(Bailey) ‘ ‘i 

BD Pariteten cates 1.41 se 9 10.20 455 —=T4.75 —4.98 

GS OMas mda teede cae 2.03 13.60 IT, 6)” eee ieee ee eres — 30 
SAR ein arene 1.42 12.08 LO 53 —4.57 —15.10 —4.65 
Double Max. (8)} —o0.57 14.98 TASOAS Ie eck esl oe ee tae —0.34 
Groupita ere —oOns2 14.98 14.85 ——Oueas —15.18 — Ose 
Groupl2ar eee —o. 26 14.98 14.83 O30) i oe) 0), 245 
Groupies Ono 14.96 14.80 —0.45 atti —o.38 

Mean diff. —15.18 


*Tt should be noted that the luminosity-period curve is slightly corrected after each accretion of 
data so that the magnitudes in the fifth column are not those derivable from the final curve. 


A group of 8 variables with double maxima or peculiarly short 
periods is found among the cluster-type variables of Messier 5.5 
That they are single stars with an average period of six and one- 
half hours seems the most probable hypothesis; they are accord- 
ingly used to extend the luminosity-period curve and to show that 
no appreciable decrease in luminosity occurs as the periods become 
less than twelve hours. 

Bailey has collected into three equal groups, in order of length 
of period, the thirty typical cluster-type variables with most 
definite light-curves. Each group is given weight 5 in determining 
the reduction constant. The material is discussed in Table IX 


* Harvard Annals, 78, Part 2, 1917. 3 Harvard Circular, No. 193, 1916. 
? Astronomische Nachrichten, 147, 243, 1808. 
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and, omitting No. 50, the results are plotted in Fig. 1 as tri- 
angles. 

4. Messter 3.—Bailey’s monograph on Messier 3 contains the 
light-curves of 110 stars, rfone of which has a period exceeding a 
day.* In his catalogue the only bright star that is certainly vari- 
able is one that appears to be irregular. A bright Cepheid, 
however, was found near the center of the cluster by Barnard, who 
has determined the period and published a light-curve.2? The 
median photo-visual magnitude of this star has been determined 
from plates made at Mount Wilson and measured by Miss Davis and 
the writer. Although the light-curve derived by Barnard is more 
nearly symmetrical than is usual for Cepheid variables, the color 
and the change of color between maximum and minimum, which is 
typical of this kind of variable, is clearly indicated by the Mount 
Wilson measures. A small correction to the final magnitude 
for Eberhard effect would be appropriate, because of the star’s 
situation in the densest part of the cluster, and would probably 
eliminate its deviation from the curve in Fig. 1. 

One variable of Bailey’s list, No. 37, has been specially studied 
at Harvard and on a series of Mount Wilson plates.* Its period is 
about one-half that of the typical variable of Messier 3, resembling 
in this respect, as well as in the shape of the light-curve, the eight 


t Harvard Annals, 78, Part 1, 1913. 

2 Astronomische Nachrichten, 172, 345, 1906. Barnard suspected another bright 
star of variation, No. 19,in his nomenclature. Referred to his comparison star No. 8 
no variation is apparent on the Mount Wilson plates so far examined. The data for 
photographic magnitudes are as follows: 


Plate Date 19—8 Plate Date 19-8 


Py Ee ro1s, April 16 oMoo BOFO i oaconn 1917, March 28 +oMo6 
Sas EeHes June —7 +o0.10 BOSOweewas 23 +0.04 
ZOO Deters July 6 +o0.04 


These stars are among the very brightest in the cluster, and, as might have been 
inferred from previous investigations, they are red. The color-index of No. 19 is 
approximately +1.8 magnitudes, and of No. 8, more than two magnitudes, according 
to measures on five photographic and three photo-visual plates. There is some possi- 
bility of Eberhard effect as both stars are near the center. 

3 Hervard Circular, No. 193, 1917; Harvard Annals, 78, Part 2, 1913. 

4 Publications of the Astronomical Society of the Pacific, 29, 110, 1917. 
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stars of Messier 5 that are designated ‘‘ Double Max.” in Table IX. 
It is entered singly in Table X. The 54 typical cluster-type vari- 
ables in Messier 3 for which Bailey considered the results most 
certain are combined, in order of period, into three equal groups, 
each of which is given weight ro in deriving the reduction constant. 
The photo-visual magnitudes are referred to the Mount Wilson 
system, a series of polar comparison plates being used to obtain 
the appropriate correction to Bailey’s photographic magnitudes. 
Black squares in the diagram designate the results for Messier 3. 

5. Messier 13.—Two Cepheid variables in Messier 13 were 
discovered by Bailey and Barnard and studied by the latter.t Of 
five others found by the writer among the fainter stars’ four appear 


TABLE X 


CEPHEID VARIABLES IN MESSIER 3 


Designation Log. Per. ss eee greg Difference peel crane 
Barnard 7.. I.20 Tas eT, —16.0 —3.4 
Bailey 37.... —0.49 15.40 —0.35 —15.75 —0.33 
Groupie —0.30 15.20 —0.34 —15.63 —0.44 
Groupl22 ee: —0,.27 15.39 Ona SSS —0.34 
Group 3..... —0.22 15.39 —o.38 —15.77 —0.34 

Mean diff...... —15.73 


to have periods less than a day. Approximate median photo- 
visual magnitudes for these four and the earlier two have been 
obtained from Mount Wilson photographs; but without a complete 
study of all the light-curves the results have low weight. Carrying 
through the usual reductions, however, and combining the pro- 
visional results into two groups, we obtain the values indicated by 
open squares in Fig. 1. 

6. Other sources-—Further numerical Se bearing on the 
luminosity-period relation are not now available, but certain 
sources may be cited from which quantitative results will come in 
time and from some of which even now we may infer confirmation of 
the interdependence of period and luminosity. 


* Bibliography and discussion in Mt. Wilson Contr., No. 116, p. 78, 1915. 
2 Tbid., pp. 79 ff. 
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The median photographic magnitudes of the 808 variables dis- 
covered by Miss Leavitt in the Large Magellanic Cloud! range from 
10.5 to 15.8; there is but one fainter exception, which, by show- 
ing that fainter stars are ‘easily visible on the plates, proves the 
tule that Cepheid variation affects only stars brighter than a 
certain limit. If we should assume the same color correction as 
used for the Small Magellanic Cloud, the interval of magnitude in 
which the variables occur is much the same. There can be little 
doubt that these are Cepheid variables (the ranges of all but two 
or three are less than two magnitudes?) among which the luminosity- 
period law holds as elsewhere. Good values of the distance and 
extent of the star cloud will be given eventually through determina- 
tions of the magnitudes and periods of these variable stars. 

The 50 variable stars in Messier 15 are being studied by Pro- 
fessor Bailey on a series of 75 Harvard and Mount Wilson plates. 
The periods so far derived, with one exception, are less than a day. 
The exceptional star has a period of 1.44 days, a provisional value 
kindly communicated by Professor Bailey; its median magnitude is 
about 0.43 brighter than the median magnitude of the other 
variables, according to measures on a few Mount Wilson plates. 
The results are preliminary and receive no weight in obtaining the 
luminosity-period curve, but because of the close agreement with 
results for other clusters, the following data, derived in the usual 
manner, are plotted in Fig. 1 as small circles containing crosses: 


Variable No. 1, Median Mag. (Absolute) = —o.82, Log. Per.=+-0.16 
Variable No. 13, Median Mag. (Absolute) = —o.40, Log. Per.= —o. 24 
Variable No. 11, Median Mag. (Absolute) = —0.37, Log. Per.=—o.46 


Nos. 13 and 11 are typical of the two subclasses of variables in 
Messier 15; the median photographic magnitudes, Bailey finds, 
are in all cases about 15.7.3 

Variable stars have now been discovered in 26 globular clusters,‘ 
and from Mount Wilson plates and from reproductions in Harvard 


t Harvard Annals, 60, No. IV, 1908; Harvard Circular, No. 82, 1904. 

2 See n. 1, p. 20. 3 Popular Astronomy, 25, 520, 1917. 

4 To the list in Harvard Annals, 38, p. 2, several have been added through recent 
discoveries by Miss Davis (Publications of the Astronomical Society of the Pacific, 29, 
210. 260, 1917). 
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Annals, 38, it is possible to make a preliminary comparison of the 
relative magnitudes in each system. Thus we find that there are 
at least 15 clusters, in addition to those examined in some detail in 
the foregoing discussion, in which some or all of the variables are 
among the very brightest stars. Clusters which show also a con- 
siderable diversity in: the magnitude of variables, and which are 
therefore of importance for the luminosity-period curve, include 
N.G.C. 104, 362, 1904, 6266, 6397, and 6626. 


The final luminosity-period curve, as drawn in Fig. 1 and given 
numerically in Table XI, is based upon more than 230 stars, and, 
except for zero-point uncertainty, is probably correct within one or 


TABLE XI 
CO-ORDINATES OF THE LUMINOSITY-PERIOD CURVE 


Logarithm of Period perce: Logarithm of Period a ce 
—= Os O saddens hee Onoda =O Sikes ae ces —2.43 
— OS ee menor: On33 OnOst eis 2.79 
—=O AR rene eee Onan aL SOnienor dae setans ae LS 
EOF a rt i 0.34 A A eo he ta B65 
ONDE es ssh olalegs & °.38 Ts 2 ote sete Bokeh 
Oe eee 0.50 Uae ek MR eat ee Re in De. 
O. Oe. aeraiheine 0.64 Te4 eee 4.59 
= Olek are enn ciees 0.81 a pater Racca cc 4.95 
On once Miueato rc °.99 EXO pore ee Ses 
a Ov Gio coetia Gate Tai ay 5 aay ee ce te 5.67 
OSA Brice Tey) Wet ow NS ered Mey 6.02 
TOU Giana pears 1.58 TOs aeecrere 6.38 
“On OV i aunetarns Teor DO Cte 6.74 
Sti OLY Penh ca ce —2.10 ={:2 Seen =7.1 


two hundredths of a magnitude. Ten plotted points lie on the 

curve, 23 are below, and 24 above. The average unweighted 

deviation is +o.13 mag.,’ an amount so nearly of the same order 

as the errors of the measured magnitudes that for typical? Cepheids 

of given period a rigorously constant median magnitude may be 

assumed. Almost all of the large deviations from the curve are of 
* The observational errors in the periods are relatively negligible. 


*The word “typical” is frequently used to make allowance for such stars as 
RV Tauri, « Pavonis, and, V Ursae Minoris which show some general Cepheid 
characteristics, but because of various recognized irregularities or peculiarities may 
also be irregular in the relation of period to absolute brightness. 


106 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS By 


low weight, due to uncertain estimates of magnitude or period, 
peculiarities in light variation, or possible error in the magnitude 
scale. Above absolute magnitude —5.5 the curve depends only on 
the longest period variables in the Small Magellanic Cloud; but 
the resulting uncertainty is not serious, as few Cepheids have periods 
longer than forty days.? 

Future work on the periods and magnitudes of variables in 
clusters is not likely to alter appreciably the form of the luminosity- 
period curve; but further investigation of the proper motions of 
Cepheids may contribute to the certainty of the zero-point, which 
is now defined both as to amount and accuracy by equation (7). 
The distances of even the nearest Cepheids are so great that little 
can be expected from direct parallax measures in the way of quanti- 
tative confirmation or improvement of the curve.? 


IV. THE MEDIAN MAGNITUDE OF CLUSTER-TYPE VARIABLES 


The flattening of the luminosity-period curve for magnitudes 
fainter than —o.5 indicates that for the typical cluster-type 
variable the median brightness is essentially invariable and is 
independent of the length of period. As we shall presently relate 
the magnitude of these variables to the maximum brightness 
attained in clusters, a further examination of the dispersion of 
median magnitudes is advisable. From preceding tables we derive 
the data in Table XII. 

Thus the absolute photographic magnitude’ for 183 variables is 


Median =—o0.23 (8) 


The deviations from this mean value may be due largely to the 
errors in the magnitudes of the longer-period Cepheids of each 
cluster. No marked change of photographic brightness with 
period appears; the change of visual magnitude with period 


Cf. Table II of the eighth paper. Long-period Cepheids are liable to irregularity. 
- 2See sec. II, above. 
2 This value, which becomes of much importance in the determination of cluster 


parallaxes, is independent of the earlier transformations from photographic to photo- 
visual magnitudes with the aid of Table VI. 
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recorded in Fig. 1 and Table XI is due to the small progression of 
color with period, assumed in the reductions on the basis of Fig. 2. 

Much work bearing on the constancy of the median magnitude 
of cluster-type variables has been done at Mount Wilson; but a 


TABLE XII 

Number of . Mean Absolute Peg 
Cluster Vacsables Mean Period rpeclietiee Deviation 
[34 of40 —o.19 —oMo4 
w Centauri. . By 0.59 —0.25 +o0.02 
fie 0.76 —o. 26 +0.03 
x 8 0.27 —0.20 —0.03 
é 10 0.48 —o.20 —0.03 
Messier 5... a 0.55 BNC ie ie: 
10 0.63 —O122 —O..05 
I 0.32 —0.20 —0.03 
. 18 0.50 —0.3I +0.08 
Messier 3... 18 ee ee ae oa 
18 0.60 —o.20 —0.03 


full discussion of the data would be too extensive for the present 
paper, and the results for only two systems are outlined below. 

1. In w Centauri three subclasses of cluster-type variables are 
recognized. Omitting those for which the classification is uncer- 
tain, we have in Table XIII a summary of the data bearing on the 


TABLE XIII 
VARIABLE STARS IN » CENTAURI 


No. of . Maximum Range of Median Average 
Subclass Variables Mean Period Magnitude Variation Magnitude | Deviation 


Utes its ee BC 01586 12.99 m™yr T3655 +oMog 
Dee treet ve rs Ons 2 13.10 0.87 13.55 +0.10 
GWsicarnae ede 28 0.395 13.33 0.56: 13.61 +=0.09 
AL Ae cases se FOF © ele ran bectats, ieee aerate ese | aaa Tomy, +0.10 


dispersion of median magnitudes. Although the stars of the three 
groups differ from each other in maximum magnitude and range, 
as well as in period and form of light-curve, the median values are 
the same. The distribution of individual deviations agrees closely 
with the probability curve, as shown in Table XIV. 
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2. The variables in Messier 3 differ very little from each other 
in any respect. The comparison stars and some of the variables 
have been studied by Miss Davis and the writer on a series of 65 
photographs; the magnitude scale has been revised and referred 
to the Mount Wilson system. A sample of the revised data, show- 
ing the constancy of the median magnitudes, has been given 
in Mt. Wilson Communication No. 47... For the 54 light-curves 


TABLE XIV 

N sama Bok Reacuats Theory Observation 
oMoo and oMo3..... 18 19 
Oc Of she 0-00 50m ok 14 12 
O72 O7 ee On O00 tee 103) 15 
OuLONn 1 Onl 2 ma IO 13 
ONL Que Oe Loree 7 7 
OoIOh ea OL TOR eeh.. 5 re) 
OnLO abe O24 eA 6 7 

= On 2 Ger toners 3 3 


selected by Bailey as most definite the median photographic mag- 
nitude is 15.49+0.01, the average deviation from the mean value 
is +o.07, and the largest deviation is less than two-tenths of a 
magnitude. If we include all 110 variables for which periods are 
known, the mean is 15.50+0.006, with an average deviation 
+0.08. 

A further examination of the median magnitudes for the 54 
selected stars shows the following small systematic variation, 
which is definitely connected with the range: 


Mean range of variation...... 1Mo4 m™y,4 126 | Tee 1M48 
Mean median magnitude...... Hess TS sie 15.49 15.47 15.41 
Number of variables......... 10 4 


22 We 9 


One explanation of this variation is that the duration of exposure 
was often so long that for some stars the brightness at the top of the 
sharp-pointed curves was never determined, the measures yielding 
fainter, more rounded maxima than actually exist. The range 


t Proceedings of the National Academy of Sciences, 3, 480, 1917. 
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deduced for such stars is always too small, and the systematic 
error goes into the median magnitude with half its weight. The 
variation may be due, rather, to errors of observation at maximum 
light, where usually only a few estimates are available and any 
error will directly correlate range and median magnitude. The 
first explanation gives 15.4 as the true median magnitude, the 
second leaves it at 15.5.7 

In either case an appropriate and simple correction to the devia- 
tions from the mean median magnitude, for the systematic errors 
in the maxima, leaves the uncertainty in the median magnitude 
but half as great as given above, and the average deviation for a 
single star is less than 0.05. ‘The distribution of the corrected 
residuals again accords with the law of error as closely as could be 
expected for a small number of values: 


Number of Residuals Theory Observation 
ooojandioM oA aiee 29 27 
OnOAN MOTOS reas 16 I5 
OOSimes LON 2 anne 7 9 
PO sk Qtr cats 2 3 


The magnitudes in Messier 2, 5, 15, and 22 yield results similar 
to the foregoing. In each cluster, apparently, the total light 
variation of short-period Cepheids is confined to a narrow interval 
of brightness; and in all cases, where the observations are sufficient 
to justify a conclusion, the deviations of the median magnitudes 
from their mean are far within the errors of observation. Hence we 
are led to place much confidence in the hypothesis that the parallax 
of a cluster-type variable (or of any cluster containing such stars) 


may be derived immediately from the measurement of the median 
magnitude. 


* The error is probably common to all groups of variables. It does not vitiate 
the work on cluster parallaxes, for the median value as observed is used to obtain 
both apparent and absolute magnitudes. A systematic error may be introduced into 
the determination of the distances of some isolated cluster-type variables, but at most 


it will be only a few per cent and far within the uncertainty of the various magnitude 
scales. 
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V. PARALLAXES OF CLUSTERS FROM THEIR BRIGHTEST STARS 


The most important use of accurate median magnitudes is to 
furnish a starting-point for the study of the absolute luminosity 
of the brightest stars in a cluster. In Messier 3, for instance, where 
the magnitudes of all the brighter stars' have been accurately 
measured, there are nearly 300 more luminous than the median 
magnitude of the variables. A few that are more than two magni- 
tudes brighter appear in the cluster, it may be, by projection only, 


TABLE XV 


PHOTOGRAPHIC MAGNITUDES OF 30 BRIGHTEST STARS IN MESSIER 3 


>= 
Star | Color-Index Pg. Mag. | Deviation Star Color-Index| Pg. Mag. | Deviation 


206....} +1.01 Fr27 Bright 1449....| +1.40 14.18 —0.05 
420....| +0.19 13.59 | Bright FOB 5 4 al] Sp ibn te 14.25 +0.02 
589....|. 0.901 eee Bright 238....| 1.79 14.27 +0.04 
205....| +1.09 13.81 Bright 334....| 1.13 TAe2y +0.04 
837....| +1.36 13.83 | Bright 265....| +1.14 14.29 | +0.06 
OAS omnl) apiasy! 14.29 +0.06 
ELF enine| “1-30 13.92 One th EO] sere et aie OO 14.29 +0.06 
POEO Seok sO I4.04 —-OnEO Bosh gael) Seuss I4.32 +0.09 
FOO sem 3 | eb LO 14.06 —Oul7 22] el OnA 2 14.33 +o.10 
$OOO. 26) 15.25 14.08 ——O, 15 Besshos|) rises 14.37 +0.14 
1128....}] —o.60 14.08 —0.15 640....| +1.18 14.40 +0.17 
7 He ON i oe te 4 14.09 —o.14 12036 ete I4.40 =+-0.17 
740....-| +-0.70 I4.70 —0.13 TWO, 6 al) GeieeAS I4.40 = Od E7/ 
490. ...| --1.80 14.13 —o.10 T2VAM yy ati 2 I4.40 -+-o.17 
LO eek 32 I4.14 —90.,.00 Up aaal) apo I4.45 a On 22 
ERO 2oteees| fad ee 14.14 —0.09 — 
Means. .| +1.16 14.23 +=0.12 


or they may be double or multiple stars. If we limit our study to 
the region within 9’ from the center and exclude a few, say 
five, of the very brightest objects, we can feel sure that prac- 
tically all the remaining bright stars are really typical members 
of the cluster. 

In Table XV the sequence of the 30 brightest objects is shown 
for Messier 3, the data being taken from an unpublished investiga- 
tion of the magnitudes and colors of nearly a thousand stars. The 

« Stars within a concentric circle of nearly 3’ diameter are excluded because of 
possible systematic errors arising from crowding of images and Eberhard effect. 

2 The numbers are those of von Zeipel’s catalogue, Annales de l’Observatoire de 
Paris, 25, 1908. 
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mean luminosity of the 25 chosen stars is determined with nearly 
the same accuracy as the median magnitude of the variables. The 
difference, Med.—Mean Br., is +1.27; hence from equation (8) 
we find that the brightest stars have an absolute photographic 
magnitude of —1.5 in the mean, and a maximum just fainter 
than —2. These bright stars are reddish, however, and the maxi- 
mum visual absolute brightness exceeds —3 magnitudes in a few 
cases. 

Other clusters which contain short-period Cepheids agree in 
showing that the maximum photographic luminosity is regularly 
between 1.5 and 2.0 magnitudes brighter than the median value 
for the variables. We see, therefore, in this apparent constancy 
of maximum magnitude, the possibility of an expeditious method of 
furthering our knowledge of cluster distances. The phenomenon 
is qualitatively illustrated by an inspection of the photographs 
reproduced in Harvard Annals, 38; and a quantitative confirmation 
is readily possible through magnitude measures, even when the 
variables are few in number and their light-curves are unknown. 
Thus, for Messier 22 a study of three polar-comparison plates 
gives for the mean magnitude of the 25 brightest stars’ the value 
13.08, with extremes of 12.51 and 13.55, and an average deviation 
of 0.19, while the median magnitude of the variable stars,? from 
the measures given in Table XVI, appears to be 14.45. Hence, 
Med.— Mean Br.=+1.37. For a few clusters, in which the vari- 
ables have been extensively studied, more accurate values of this 
difference can be obtained. 

All material now available has been considered in discussing the 
relation of median to brightest magnitude, summarized in Table 


‘Five stars brighter than the “‘25 brightest”? are always excluded in using this 
method. 


? Sixteen variable stars are listed by Bailey (Harvard Annals, 38, 242, 1902). 
No. 11 is a very close double and was not measured; Nos. 3 and 14 could not be 
certainly identified. The variability of Nos. 2, 5, 9, and 16 is not definitely confirmed 
by the Mount Wilson plates. No. 8 is one of the brightest stars in the cluster and 
appears to be a long-period Cepheid; similarly, Nos. 5 and 9 are probably bright 
Cepheids of long period. For the remaining 8 stars a short-period variation of a 
magnitude or more is fairly well established by these plates. The total interval of 


brightness is about two magnitudes; the uncertainty of the median magnitude given 
above is possibly one or two tenths. 
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XVII* Some of the tabulated material has been adapted from 
Bailey’s published work, but most of it has been derived from 
Mount Wilson plates, of which the total number entering the dis- 
cussion for each cluster is noted in the second column. The third 
column gives the number of cluster-type variables contributing to 
the mean median magnitude. It should be observed that the 
final result appears to be independent of the frequency of variable 


stars. 


TABLE XVI 


VARIABLES IN MESSIER 22—OBSERVATIONS OF 1917 


amber a 3887 Plate 3888 | Plate 3892a | Plate 3892) | Plate 3940 | Plate 3063 

Aug. 14.71 Aug. 14.72 | Aug.14.75 | Aug. 14.75 Sept. 9.70 Sept. 10.68 

1B, 5 cit ect orl Renee Ma RrIety aca | RRR, Parte Pere eRe 15.51 14.06 T5337 
De Mp TASOO @ leis ca eee cies een 15.12 I5.15 14.89 

Bae P eve je Peleus ell Seeder ease Users fey eirn [ley a (asayone. ses PGl| Seatewtes eee | eer con fee ee 16.36? 
Ao Sole 14.80 D5OO Me Prey. canes I4.95 Dens 14.38 
Gis ogg anes Leer e 12.78 INP Sf} E2575 12.46 12.64 
i a ee I5.04 EAS TO Micra: maissnes 1437, 14.98 14.01 
i fea er ane 15.00 ES LOMA estn ee 14.78 I4.32 I5.41 
een Me ett 12.16 EOULG. 29 I2.10 1740) I2.79 
QU aes E524 Tey AG Boo Peery Tomo? TOMS 
LO Serene ee TS ond. TEN OD Saige: oh ee ae 15.39 15.03 14.38 
EPR Mey oe ot I5.01 FAGOO IN || aeueeset 14.42 14.95 14.93 
BG Pet cere ond 14.20 Eze Es 2 13.58 14.98 13.68 
BG fons ese che ety 14.95 TALOOT Ulmer: 15.36 14.52 14.93 
TD eee ree es I4.41 DARGA PF iscetearasets cox 14.52 I4.47 14.34 


The radius of the concentric circular area in which the bright 
stars were measured is given in the fourth column of Table XVII. 
The choice of this quantity is somewhat arbitrary, and small changes 
in it may affect the mean perceptibly if thereby exceptionally bright 
stars happen to be included or omitted.2 The adopted radius 


t In at least three clusters (N.G.C. 6266, 6626, and 6723), in which magnitudes 
have not been quantitatively studied, a considerable number of short-period variable 
stars are from one to two magnitudes fainter than the brightest stars. Qualitatively, 
therefore, the relation between the median and brightest magnitudes is verified in 10 
clusters and the Magellanic clouds and is nowhere controverted. Its quantitative 
expression, however, is probably less definite than the differences of Table XVII 
suggest, the close agreement of several values being partially fortuitous. A later 
study of Messier 15, for instance, indicates an uncertainty of o.2 mag. in the pro- 
visional value given here; but the adopted probable error of the mean difference amply 
covers this discrepancy. 

2 The mean magnitude for Messier 3 is 14.30 for a radius of 7’ and 14.17 fora 
radius of 11’. 
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depends in general upon both the nature of the photographs and the 
cluster’s angular diameter, but mainly upon the galactic latitude. 
In rich fields the area is necessarily small in order to exclude bright 
non-cluster stars. We might have adopted the same radius for all 
clusters and attempted to allow for foreign objects by varying with 
galactic latitude the number of excluded stars, but the actual 
angular dimensions differ so greatly that a more flexible procedure 
seemed advisable. Every effort has been made in this and subse- 
quent work of the same kind to obtain homogeneous results, in each 
case so choosing the area for measures of bright stars that, with the 
five brightest rejected, the resulting mean gives a trustworthy 
value of the maximum luminosity." 


TABLE XVII 


MEDIAN MAGNITUDES AND THE BRIGHTEST STARS 


PHOTOGRAPHIC MAGNITUDE 
CLUSTER Bes ee RaDIvs WEIGHT 

Mean Br. Median Diff. 

Messier 3. . 65 IIo 9’ 14.23 15.50 te 8 

eas 3° 61 4 13.97 15.26 I.29 4 

LSon 7 48 6 14.31 15.63 Dee 2 

De 7 7 4 14.61 sleek I.10 I 

DPD. 6 8 Bae 13.08 14.45 LH I 

a eig 15 4? 6 1s 7/5 Ty Bis Tesi ° 

» Centauri. 8 QOQ TS tuseeaes 125.33 TRO T0% ° 
Mean difference.... 1.28 


The mean difference, +1.28, combined with (8), gives M= 
—1.51 as the mean absolute photographic magnitude for the 
bright stars. The probable error of the difference is not likely 
to be in excess of two-tenths of a magnitude. This estimate 
makes generous allowance for the real dissimilarities of the clusters 
(which seem to be small so far as magnitude limits go) and for the 
uncertainties in excluding peculiar and non-cluster stars. Taking 
also into consideration the probable error of (7) and the observa- 
tional errors in the apparent magnitudes, m, we conclude that the 

* Central condensations and multiple stars were avoided. Counts of stars on the 


Franklin-Adams charts were frequently of service in estimating the probable fre- 
quency of outside stars in a cluster field. 
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probable error for the difference M—™m, in the relation 5 log r= 
M-—m-—s, certainly does not exceed 0.4 mag., and, therefore, 
that the absolute parallax of a globular cluster may be obtained 
from the apparent magnitudes of its brightest stars with a probable 
error of less than 20 per cent. For relative parallaxes the probable 
error does not include the error of (7) or the possibility of system- 
atic error in the magnitude scale; its value is 10 per cent or less 
for parallaxes derived from homogeneous data. 


VI. REMARK ON THE PARALLAXES OF CLUSTERS DERIVED FROM 
THEIR APPARENT DIAMETERS 


The foregoing discussion shows that the mean apparent magni- 
tude of the brightest stars in a globular cluster is a pretty depend- 
able criterion of its distance, thus indicating that all systems are 
much alike in the maximum luminosity attained by any individual 
member. In consequence it is a natural assumption that clusters 
may also be closely comparable in actual size. In fact, the first 
paper of this series’ contains a provisional curve correlating decreas- 
ing maximum brightness with decreasing angular diameter, and it 
follows that the apparent size of a globular cluster is also a direct 
measure of the parallax. As we may obtain the parallaxes of nearly 
30 globular clusters by the methods outlined on preceding pages, 
a curve showing the relation of distance to apparent size can be 
readily constructed, and using this curve the parallax of any other 
cluster can be obtained from its diameter. A necessity of such 
work is homogeneity in the observations, and this is afforded in a 
highly satisfactory manner by the Franklin-Adams photographic 
charts, which cover the whole sky and include every known globu- 
lar cluster. Further discussion of this phase of the work is 
reserved for the following contribution. 


Vil. SUMMARY 


1. The determination of the distances and distribution in space 
of globular clusters involves a general treatment of extensive 
data bearing on the magnitudes, periods, light-curves, proper 
motions, and radial velocities of Cepheid variables in the Galaxy 

I Mt. Wilson Contr., No. 115, p. 12, 1915. 
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and other systems and on the angular diameters of clusters and the 
number, magnitudes, and colors of their individual stars. Its 
successful accomplishment will help somewhat to a better under- 
standing not only of the most remote objects known in the stellar 
universe, but also of the dimensions and dynamics of cluster sys- 
tems and of the maximum luminosity attainable in stellar evolution. 
Suggestions relative to the extent and arrangement of the galactic 
system and to the sun’s position therein will be a natural outcome 
of the work. 

2. From parallactic motions the mean absolute magnitude of 
eleven isolated Cepheid variable stars has been derived with a 
relatively small computed probable error (sec. II). The luminosi- 
ties of the individual stars are shown to be uniquely defined by 
their periods. 

3. An extension of these results gives a relation (Fig. 1) con- 
necting the periods of both the ordinary Cepheids and the cluster- 
type variables with their absolute magnitudes, which permits the 
derivation of the distances of all such variable stars as soon as their 
periods and apparent magnitudes are measured; and when we 
adopt the plausible hypothesis that Cepheids of a given period are 
comparable wherever found, the relation also yields the parallax 
of any cluster containing Cepheid variables. Data for more than 
200 individual variables from seven different stellar systems con- 
tribute to the determination of the luminosity-period relation. 
Fainter than a definitely fixed luminosity Cepheid variation prob- 
ably never occurs. 

4. Further investigation makes the derivation of cluster 
parallaxes practically independent of variable stars by substituting 
the apparent magnitudes of the brightest stars as the criteria of 
distance (sec. V). Stars brighter than the absolute photographic 
magnitude —2 are exceedingly rare in clusters. 

5. Angular diameters are next employed in extending the work, 
until finally for all globular clusters in both hemispheres values of 
the parallax become possible. The distances are derived and con- 
sidered statistically in the next paper of this series. 

Mount Witson SoLar OBSERVATORY 

November 1917 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


SEVENTH PAPER: THE DISTANCES, DISTRIBUTION IN SPACE, 
AND DIMENSIONS OF 69 GLOBULAR CLUSTERS 


By HARLOW SHAPLEY 


I. PARALLAXES FROM VARIABLE STARS, APPARENT MAGNITUDES, 
AND ANGULAR DIAMETERS 


Applying the methods discussed in the preceding Contribution, 
the parallaxes of a few clusters are obtained directly from the periods 
and magnitudes of Cepheid variables; the parallaxes of a con- 
siderably larger number are derived from the mean magnitudes of 
the brightest cluster stars, and the survey is then made complete 
through measures of diameters of the photographic images of all 
globular systems. In Table I are listed the clusters for which 
the variable stars have received a sufficiently detailed discussion 
to permit a determination of the parallax directly from the lumi- 
nosity-period curve of Cepheid variation. The apparent diameters 
and the adopted parallaxes are taken from tables appearing on 
following pages; the method of weighting the results is also subse- 
quently described. 

The parallaxes for Messier 3, 5, 15, and 22, depending almost 
entirely on the median magnitudes of numerous variable stars, 
are the most accurate. The computed probable error of the abso- 
lute magnitude is +o0.2; that of the apparent magnitude is 
estimated to vary from +o0.05 for Messier 3 to possibly +o0.2 
for Messier 22. The corresponding limits of the probable error of 
the parallaxes are +0”’000007 and +0/oooor15, that is, 10 and 13 
per cent, respectively. 

For most other clusters, of course, the errors are somewhat 
greater, particularly for those where the parallax depends solely 
upon either the magnitudes of the brightest stars or the measured 


1 Mt. Wilson Contr., No. 151. 
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diameter on photographic charts. For the former the estimated 
average probable error is 20 per cent, for the latter 25 per cent." 
When two or three sources are available, as in Tables I and V, the 
errors are less; but in Table I the different parallaxes for each 
cluster are not all completely independent, as they were used in 
part to determine the reduction constants and curves. The 
residuals in the last column of Table I are expressed in millionths 
of a second of arc, and their minuteness indicates the validity of 
the methods involving diameters and the magnitudes of the bright 
stars. 


TABLE I 
Comparison OF CLUSTER PARALLAXES FROM VARIABLES, MAGNITUDES, AND 
DIAMETERS 
DESIGNATION PARALLAX (Unit Is 0” 000001) 
rece Restocats 
N.G.C. Messier Adopted eee ip Peete 
SAAC RS a6 3 TsO 72 72 71 72 OF) nO 
ROOA MEIN 5 8.6 80 80 80 81 O°, OnE 
O205-aawiee 13 10.6 go 82: 89 oI = Sige) Ly asi 
OOo 6.0 ac 22 16.0 118 116 121 116 <= ese 
TOT OGe I5 5.0 68 67 69 59 Sy ap i = S 
VOSOnmiarle 2 TO. 64 65 60 72 =I, = 4, <3 
DOA et lalivort aaécll 153 150 170: I55 =o arlyes are 
Small Magellanic 
Cloud. e2 peice. (canara 52 GD? 1 Bl cater cto en Gc cones steal one en eo eee 


The parallax of the Small Magellanic Cloud, which is given at 
the end of Table I, is relatively uncertain, for the value from vari- 
ables can be checked by neither diameter measures nor maximum 
luminosities, and the zero-point error in the provisional magnitude 
scale used by Miss Leavitt is unknown.? 


* These estimates appear to be safely conservative. After the smoothing opera- 
tion, described on a later page, much smaller average errozs are obtained for the final 
parallaxes in Tables V and VIII; thus, including the ro per cent probable error in the 
parallaxes due to uncertainty of the zero-point of the absolute scale, the average 
probable error for all clusters is estimated to be less than r5 per cent. Cf. Table VII. 


* See sec. IIT of the preceding Contributicn. Previous values for the parallax of 
the Small Magellanic Cloud are: Hertzsprung, *=0’o00t, Astronomische Nachrichten, 
196, 204, 1913; Kapteyn, t=0"o00004, Mt. Wilson Contr., No. 82, 71, 1914; Shapley, 
m=0%00006, Mt. Wilson Contr., No. 116, 82, 1915. The new value in Table I is 
probably an improvement over the others because it allows for diversity in color of 


the variable stars and is based upon more definite knowledge of their absolute mag- 
nitudes. 
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In the preceding paper we found from the study of the bright 
stars and variables in several clusters that, after excluding the 
five brightest, the mean absolute photographic magnitude of the 
25 most luminous objects is 


M,,=—1.51=0. 28. 


Adopting this value, we have derived, from measures of apparent 
magnitude the distances of practically all clusters north of 
declination —30°, the southern limit reached with the 60-inch 
reflector. 

Of 300 cluster photographs taken during the last three years as a 
part of the program, about 175 have been measured for the magni- 
tudes of either the bright stars or the variables; but the material 
is too extensive to describe in detail. Nearly all of the photographs 
were made with full aperture and on Seed 27 plates of various emul- 
sions. ‘The exposures vary in length from to seconds to 2 hours, 
but are mostly between 1 and 12 minutes in duration. For the 
clusters south of —20° the altitude was frequently so low that 
plates with first-class images could not be secured. Mr. Hoge has 
assisted with all the observational work. 

A summary of the work on each cluster is given in Table II. 
The designation in the first column is followed in the second with 
numbers indicating the total number of plates used in all phases 
of the work and those used in the derivation of the mean magni- 
tude. For the latter purpose the plates, with few exceptions, 
involve direct polar comparisons on two or more nights; the images 
of between 50 and too cluster stars and of between 20 and 50 
Polar Standards were measured at least twice on each plate; and 
the measures were corrected as usual for scale, distance from 
center, and differential atmospheric extinction. As the measures, 
reductions, and discussion cannot well be given for the individual 
clusters, the method of work is illustrated merely with a summary 
of the final magnitudes for the bright stars in Messier 2 (Table IT) 
and Messier 53 (Table IV). 

The radius of the concentric region in which all bright stars 
were measured, given in the third column of Table II, does not 
closely indicate the apparent size of the cluster either actually 
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or relatively. The basis of its choice has been described in the 
fifth section of the preceding paper. 


# TABLE III 


MAGNITUDES OF BRIGHT STARS IN MESSIER 2 (N.G.C. 7089) 


PHOTOGRAPHIC MAGNITUDES 
STAR* RESIDUALS} DEVIATION 
3883P 3902P 3004P Means 

cE ior eonins 14.00 14.16 I4.04 Bright © (ick eae wire le reer 
Dive some 14.68 14.50 14.53 14.60 = Og —) Ly 7 ° 
teh soar 14.65 14.64 14.70 14.66 —-1,-2,+4 + 6 
7 a age 13.54 TR 57, EST Bight nist eacnhin esc een eee 
Ree ce 14.87 14.69 14.62 14.73 +14,— 4, —I1 +13 
OS; Saees 14.77 14.69 14.65 14.70 SP p= Hp & --10 
y Hoceoe 14.73 14.69 14.65 14.69 Eran 60; 14 9 
LOn, ee 14.60 14.49 I4.51 14.53 + .7,— 4,— 2 —7 
Bt ie hee 14.80 14.72 14.70 14.74 + 6;— 2,— 4 +14 
Tair ote aceon 14.68 14.69 EAS 7 14.65 ae Shar vy ee ap § 
1 oon ee eee 14.65 14.57 14.61 14.61 a- 4,— 4; ° + 1 
EOS Naronevve 14.68 14.66 14.57 14.64 ae Zoe BB 7 + 4 
Gl eet ch TS 13.61 14.19 13.92 Bright 9 bets et econ ual tate | Creeeemeers 
Rao ae me Ey Gop 14.34 14.56 14.31 14.40 “— 6,+16,— 9 —20 
TO ea 14.29 |Contactt| 14.17 14.23 + 6,....,- 6 —37 
DO es: TSA 13.78 13.70 Brights |ametatoreen eee americas 
ee a 14.68 14.69 14.57 14.65 +3,+4,- 8 + 5 
Pie nee oe 14.77 14.69, 14.57 14.68 +9,+ 1,-11 + 8 
25e Nee 14.57 14.54 14.57 14.56 +i, — 2,55 Lf = 7h 
BOER nad 14.65 14.72 14.57 14.65 Qe woe s Sr ab 
0 ee 13.60 14.02 13.99 Bright oer. wcte esate aes eee 
Py Sitter ed 14.33 14.40 14.23 AED + 1,+ 8,— 9 — 28 
20025). ee 14.73 14.85 14.70 14.76 = 255F O)=> © +16 
3 Ossetia EAS, 14.72 14.46 14.58 —) 5, 1-145, —12 22 
Bae oe 14.73 14.72 TAs 7, 14.67 + 6,+ 5, —10 am 9 
33 srs 14.52 14.69 14.40 14.54 = By aby Sis =" 
260 ate 14.65 14.69 14.46 14.60 =P Sar Oya ° 
BO late isi oti. 14.73 14.66 14.72 I4.70 + 3,— 4,+ 2 +10 
FD) 33. toce 14.73 14.66 14-53 14.64 sp Oper 2 us ar a 
43--.0+-- 14.65 14.59 14.49 14.58 qf par t= © =? 
INCE ELS hoon ion open eR On ABS An Omon as c wee) |) WMIGEML, so cose on sur +0.09 


* Stars fainter than the brightest thirty are omitted. 
j Residuals and deviations from mean expressed in hundredths of a magnitude. 
t Cluster star in contact with a Polar Standard. 


For the average cluster the mean value of the photographic 
magnitude, in the fourth column, depends upon about 500 measures. 
Its estimated probable error varies from two to four-tenths of a 
magnitude, the principal uncertainty coming from possible non- 
homogeneity of the clusters and from the error in choosing the 
area to be measured. The average deviation shows the'dispersion 
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of the magnitudes entering the mean, but gives little indication 
of the certainty of the result; the extremes also show the disper- 
sion, and the upper limit records the highest luminosity of the | 


individual stars. 
TABLE IV 


MAGNITUDES oF BRIGHT STARS IN MeEssIER 53 (N.G.C. 5024) 


PHOTOGRAPHIC MAGNITUDES 
STAR* RESIDUALS T DEVIATION 
2357P 2568P Means 

Bip ae ane 15.03 14.98 15.00 Rahs e —$ 

7G OR AOS 15.25 15.21 Th 23 + 2,— 2 +15 
OSE ee ~ 14.99 15.01 15.00 —a,+- 2 _ 

Top AON 14.97 14.93 14.95 S22 2 phe 

(Ole Son rein ae I4.95 15.10 15.02 Shar & — 6 

TUR crete Ser 7) 15.26 Bha22 —5,+ 4 +14 

Lea eens T5GLO 15.26 15.18 — 8,+ 8 +10 

Ta rstetee canta 15.00 14.93 14.96 == fh he 

T5 c ieyenete eke 15.03 14.91 14.97 + 6,— 6 on 

TO Warren ee 15.03 Tals BIE T5102 —9,+9 ae oe! 

1 aA aR 15.03 14.88 Bright tel nece tac le aeiersereeerert 
TS carer 14.50 14.57 184 (ed SUMMA ed aan Stoo 60 Dc 
LO ens ogee TSR Soe 15.24 3 3 +16 

PAA OEE RY cri! TiS enlesy 14.93 15.04 +11, —II a 

DA a eine ee 14.87 TA Bright? , wilh: Osh scici acess ee ienerereranae 
20 Seemtet steer 15.05 15.01 15.03 = 2a aD as 

Diy eae Mes nnaicie SPOS 14.83 Bright” ple secens. certs eeetaetts 
28 sheer siye 12.90 13.18 Bright.y We eras aee ae ieee. eeeetelerete 
20 Aa ie 15.28 Tine 2a 15.26 Se ye +18 

BONER che liek. gba 14.95 15.10 15.02 — 7,1 S == (0%, 
BE keteiente eet 15.03 15.07 15.05 — 2, 2 = 8 

EP ist Ge On: 15.30 15.14 I5.22 + 8,— 8 +14 

BB MAnhs crate 15.05 14.93 14.99 + 6,— 6 = © 

BA caret T5erS T5es3 15.24 par © +16 
schoo Shae 14.94 15.03 14.98 = fae & = ite) 

3 O orate ees 15.05 E5eLO 15.08 8 nee = 0 

37 eer ee 15.05 TH ES} 15.09 —4,+4 Sir 

BS overetin stack 15.05 15.03 15.04 = i = ih 

BBs vps 14.04 15.01 14.98 — As =O 

ite h eran oe 14.94 15.04 14.99 Sar Si ak) 
Meat. ica ore atin Ree ae ee aay eee 15.08 Mean..... +0.09 


* Stars fainter than the brightest thirty are omitted. 
{ Residuals and deviations from mean expressed in hundredths of a magnitude. 


Adding the difference between the brighter extreme and the 
mean to the adopted absolute magnitude of the latter, we get the 
maximum brightness in each cluster. Thus we find that the highest 
photographic luminosity never exceeds magnitude —2.5 (unless 
some of the excluded five are actually cluster stars), and the maxi- 
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mum usually falls slightly below —2. Contrary to expectation, the 
mean magnitude is nearer the brighter extreme in nearly one-third 
oi the clusters, suggesting that among the giants the number of stars 
does not always increase regularly with decreasing luminosity. 

In the seventh column of Table II weights are assigned each 
cluster on the basis of the quality of the plates, their number, the 
character of the surrounding stellar field, the certainty of the 
result for the mean magnitude, and other factors. The remaining 
columns are described later. Except to remark that the plates 
for N.G.C. 5139 (w Centauri) were made with the 10-inch refractor 
and (because of the very low altitude) are of little value except 
as a check on Bailey’s magnitudes, further space will not be taken 
for the extensive notes compiled relative to the peculiarities of 
individual clusters, the observations, the measures, and the investi- 
gations of errors. 

The equatorial and galactic co-ordinates, the parallaxes, and 
the co-ordinates in space of the 28 globular clusters’ for which 
magnitudes have been measured appear in Table V. For a few 
clusters the values of the parallax in the sixth column are taken 
from Table I and for the remainder are computed directly from the 
mean magnitudes of Table IT. ; 

If we plot the parallaxes derived from magnitudes against the 
diameters of the clusters, as recorded by Melotte,? a very definite 
progression of size with parallax is apparent. Melotte’s estimates 
were made directly from the original Franklin-Adams chart plates; 
but there is no record of what accuracy was sought or what homo- 
geneity may be expected in the results. Accordingly the diameters 
have been redetermined from the photographic copies of the plates 
with the special purpose in view of obtaining results as nearly com- 
parable as possible for all parts of the sky. Measures of the diam- 
eters of the images were made independently by two observers, using 
a finely divided scale under low magnification. By estimating the 


1N.G.C. 6642 is retained in the table as a twenty-ninth entry. Melotte, with 
some doubt, classifies it as a globular cluster; Bailey thinks that its stars, few in 
number, are involved in nebulosity. Mount Wilson plates show a few stars closely 
crowded, but almost certainly not forming a typical globular cluster. The group is 
in a rich galactic field. 

2 Memoirs of the Royal Astronomical Society, 60, Part 5, 191s. 
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elongation of similarly situated bright stars corrections have been 
made for distortion when a cluster is near the edge of the chart; 
and to counteract the frequently observed actual ellipticity of 
figure the mean of the diameters in several directions has been 
determined for all clusters. The last three columns of Table II 
contain these closely agreeing measures and their mean, thus 
affording a fairly homogeneous record of relative apparent dimen- 
sions. The diameters estimated from the original plates are usually 
larger, as would be expected, but even they fall short of the actual 
dimensions for many clusters. 

Plotting the adopted diameters of the last column of Table II 
against the parallaxes derived from magnitudes in Table V, we 
obtain the curve in Fig. 1—a curve that demands and apparently 
justifies the hypothesis that all globular clusters are of nearly the 
same linear dimensions. There is no reason for supposing that the 
more distant clusters are actually and systematically smaller than 
nearer ones; hence, as is reasonable a priori, the non-linear form 
of this curve may be attributed to the characteristic distribution 
of luminosity in a cluster and its resulting effect on photographic 
reproduction. Normal points for the data underlying the figure 
are given in Table VI and are plotted as black circles.2,_ The lower 
part of the curve is somewhat uncertain, depending only on Mes- 
sier 22 and w Centauri, but the uncertainty is not important, for 
only two or three clusters are large enough to make their parallaxes 
depend on that part of the curve. 

Undoubtedly an improvement can be made in at least some of 
the parallaxes through the process of smoothing with the aid of the 

t Many of the clusters appear on two or more charts. The differences in quality 
from plate to plate, which may be greater for the charts, are not nearly so effective 
in measures of angular diameter as they would be in estimates of magnitudes. For- 
tunately about 90 per cent of the clusters are on the Johannesburg plates, which 


attain a fainter limit of magnitude and are more uniform than those made for the 
northern sky at Mervel Hill (Memoirs of the Royal Astronomical Society, 60, 167, 
19I4). 

2 Half weight is given to N.G.C. 6642; also to N.G.C. 6712 because of a slight 
doubt as to its nature and because it is in such a rich region of the galactic clouds 
that the measured diameter is a little uncertain. Cf. Publications of the Astronomical 
Society of the Pacific, 29, 186, 1917. Possibly a doubt should also be expressed as to 
the perfectly normal nature of N.G.C. 4147. Cf. the eleventh paper of this series. 
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parallax-diameter curve of Fig. 1. Accordingly, parallaxes cor- 
responding to the measured diameters are entered in the seventh 
column of Table V and are combined with the parallaxes from 
magnitudes to obtain the smoothed values of the eighth column. 
The combination is made with due regard for the relative quality 
of the magnitude work, assigning for convenience weight unity 


Parallax 
fo) 0700005 0700010 700015 


Diameter 


Fic. 1.—The parallax-diameter curve for globular clusters (diameters from 
Franklin-Adams charts). Dots are normals based upon parallaxes from magnitudes 
alone; crosses are the finally adopted values for the 29 clusters of Table V. 


to all the parallaxes from magnitudes, and, to the corresponding 
values from angular measurements, the weight zero for group a, 
one-half for group 0, one for group c, and two for group d. The 
adopted parallaxes are plotted in Fig. 1 as crosses. 

Before obtaining the parallaxes of other clusters from their 
diameters alone, we shall note what accuracy may be expected 
in the results. In Table VII are given the percentage deviations 
from the parallax-diameter curve, both for the original parallaxes 
from magnitudes and for the adopted values. Without assigning 
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weights, the arithmetical’ mean for the first is 14 per cent, and for 
the second, 7 per cent. The latter shows the average amount of 
the discrepancy that will affect the parallaxes of the clusters for 
which no magnitudes are,available. The deviations are partly 


TABLE VI 


DIAMETERS AND PARALLAXES 


Number of Clusters Mean Parallax Mean Diameter 


= ” , 


"000025 I 
.000038 2 
. 000051 4 
000068 ©, 
000083 9 
ooo118 16 
OO00150 30 


On 
eoo0900000 


TABLE VII 


DEVIATIONS FROM THE PARALLAX-DIAMETER CURVE 


; 
r a Mag.—7 Diam. | 7 Adopt.—7 Diam. a Mag.—7 Diam. | 7 Adopt.—7 Diam. 
ae a Adopt. am Adopt. DEC am Adopt. am Adopt. 
2800: +0.06 +o0.02 O350nre —42 —15 
TOOA see + 20 =F 6402... SP —7 
ASAT ors + 37 + II 6626... — 7 — 6 
5028 Te  .. — 26 — 17 6638... + 3 + 3 
SESOue oe — ns =" f 6656... + 2 + 2 
S272 or ° ° O70 2 ee —10 — 3 
BOQO4 ss. _ I _— I 67.7 0eee +15 + 8 
Week paar + tI0 + 4 6864... =32 —18 
OTeT 3... - 6 _ 2 6934... oT) +20 
O205 50 = & = 5 6081... = © = % 
O2ES ia _ 2 _ I TO7Omes +13 +13 
6220n- se te -+- 13 7089... +19 —I2 
C2545 sre = al = 7 IKOR Is 4c ae & + 3 
03337 0.0. — 15 = 10 


due to real differences in the clusters, but most of the error is within 
the uncertainty of angular measurement, for the average difference 
between the estimates of diameter by the two observers is but 
slightly less than ro per cent. 

Nearly all of the 41 clusters included in Table VIII are south 
of declination —30°. The few exceptions will be photographed 
with the 60-inch reflector, when opportunity permits, and the 


t For brevity the terms “algebraic mean” and “arithmetical mean” are used in 
the sense of with and without regard to sign. 
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parallax, as determined from diameters, will receive an independent 
check from the study of magnitudes.t_ The right ascension, declina- 
tion, and galactic co-ordinates in Table VIII, as in previous tables, 
have been taken, whenever possible, from Melotte’s catalogue, the 
results being checked with Bailey’s lists and other catalogues. The 
angular diameters in the fifth column were obtained at the same 
time as those measured for Table V; their mean value is the basis 
of the parallaxes in the sixth column. The first cluster of this list 


is 47 Tucanae. 
Tables V and VIII contain all clusters now thought to be 
definitely globular—a total of 69. The 15 or 20 others’ frequently 


x Since writing the above, one highly satisfactory confirmation has been secured. 
The object N.G.C. 7006 was noted as a small faint cluster by Curtis (Lick Observatory 
Bulletins, 7, 84, 1912). On the Franklin-Adams plates and charts it appears as a 
nebulous star and was excluded from Melotte’s catalogue of globular clusters. It is 
not mentioned by Bailey. The apparent diameter as given in Table VIII is only 
o/75—the smallest cluster of the two lists. If our hypotheses are right, therefore, 
it should be the most distant cluster, and the mean magnitude should be fainter 
than any hitherto measured. Two polar-comparison photographs were secured in 
December 1917. A seven-minute exposure on a fast plate shows about two hundred 
stars brighter than magnitude 18.5, and one star near the center is nearly as bright 
as magnitude 15; but the mean of the 25 brightest, according to the preliminary 
measures, is 17.7. The corresponding parallax is a little more than o’000014, differing 
by less than a millionth of a second from the value in Table VIII. 


2 Among the clusters thought by some to be globular are the following: 


a GALACTIC 

NGULAR 

N.G.C. Deas REMARKS 

Long. ate 
Ki SRO GE alr 268° —44° In Small Mag. Cloud. Not typical, Bailey. 

If globular, it gives for the distance of the 
cloud 7 =0%000033. Cf. Table I. 

2O60eeen nu 234 —2 Appears to be globular cluster, Melotte. If 
so, Rsin 8 = —1400 parsecs; RcosB =39,700 
parsecs. 

BAGO taste, 5.4 Io +72 Apparently an open cluster, Shapley. If 
globular, t =0"%00006. 

GAGO nee Das 315 II Probably anebula. Bailey does not mention it. 

Osgunerrence 0.8 354 +10 A group of a few faint stars, Shapley. 

OSGO Meee res 328 —7 A nebula according to Bailey. If a globular 
cluster,  =0”%00002. 

O7 00g tees r.0 3 — 5 Small cluster of very faint stars, Curtis, Pease. 
An open cluster, Shapley. 

AQ ehh ye aor 3.8 21 —64 An open cluster, Curtis, Shapley. Very loose 
globular cluster, Melotte. If globular, 
™ =0"00005. 


Bibliography: Bailey, Harvard Annals, 60, No. 8, 1008; 76, No. 4, 1915. Curtis, 
Lick Observatory Bulletins, 7, 8t, 1912; 8, 43, 1913. Melotte, Memoirs of the Royal 
Astronomical Society, 60, Part V, 1915. Pease, Publications of the Astronomical 
Society of the Pacific, 26, 204, 1914. Shapley, Publications of the Astronomical Society 
of the Pacific, 29, 186, 1917. Shaw, Helwan Observatory Bulletins, No. 9, 1912; No. 15, 
1915; Monthly Notices, 76, 105, 1915. 
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admitted to the catalogues are rejected on the basis of either the 
Mount Wilson plates or the published opinions of Bailey, Curtis, 
Shaw, or Melotte. Two or three of these questioned groups may 
be admitted later, and othér faint objects now considered nebulous 
stars or open clusters or faint nebulae may be proved by the large 
reflectors to be globular clusters. But as far as systems containing 
stars brighter than the sixteenth photographic magnitude are 
concerned, the present work may be considered exhaustive. 


II. DISTRIBUTION IN SPACE 


Some striking features of the arrangement of clusters in space 
are brought to light by a study of the data in Tables V and VIII. 
Fig. 2 illustrates the distribution in three dimensions, showing on 
the plane of the Milky Way the galactic longitudes and projected 
distances, while the distances from the Galaxy are shown by vectors 
drawn to scale in the plane of the figure. Distances above (north 
of) the galactic plane are represented by full heavy lines drawn 
upward from black circular bases, those below by broken lines 
downward from open circular bases. To visualize the actual 
positions in space one needs only to imagine the full-line vectors 
standing erect on their bases and the broken lines hanging vertically 
from theirs; the arrow points are then at the positions of the 
clusters. 

The most remote of all the clusters' is N.G.C. 7006 with a 
distance of 67,0co parsecs, the equivalent of 220,000 light-years; 
the clusters N.G.C. 4147, 6229, 6235, 6287, 6441, and 6864 (M 7s) 
are nearly as far away. Fortunately, of these seven most distant 
systems six are within reach of the Mount Wilson reflectors. One- 
fourth of all globular clusters appear to be more distant than 
30,000 parsecs (100,000 light-years); and one (N.G.C. 4147) is more 
than 50,000 parsecs from the plane of the Milky Way. w Centauri 
and 47 Tucanae, with distances somewhat less than 7000 parsecs, 
are the clusters nearest to the sun. 

The concentration into a limited interval of galactic longitude 
is conspicuous; the region from 41° to 195° is completely void of 
globular clusters. The mean value of all longitudes is 316°, or, 

See n. 1, p. 14, of this paper and the later discussion in the eleventh paper. 
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excluding the five largest and five smallest values, is 318°; but the 
mean is too much affected by widely divergent values, and the 


255) 


270} 


265° 


M75 


eon Nev 006 Se 


Fic. 2.—Distribution in space of globular clusters. The galactic plane is the 
plane of the diagram; distances above and below are shown to scale by full-line and 
broken-line vectors, respectively. Galactic longitudes are indicated in the margin 
and the scale of distances along the vertical radius. The sun is at the origin of 
co-ordinates. The diagram illustrates the remarkable distribution in longitude, 
with a maximum frequency at 325°, and by the absence of very small or zero 


vectors shows that globular clusters are not found within tooo parsecs of the plane 
of the Milky Way. 
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median value,’ 325°, is preferable in determining the central line 
of the system of globular clusters. The frequency of longitudes 
shown by Fig. 3 agrees in placing the center in longitude 325°, 
the points for the curve depending on the data of Table IX. 


Galactic longitude 
190° 235° 280° 325 10° Sie 


I a 


esl 


Number of clusters 


° [fae Rea 


Fic. 3—Distribution of globular clusters in galactic longitude 


TABLE IX 
DISTRIBUTION OF CLUSTERS IN GALACTIC 
LONGITUDE 
Tonaiade “Glusters, | Mean Longitude 
5 atOn2 LO anata I 195° 
ZEO MLO! 225 Katee 3 213 
22 et OT AO weearien. 2 232 
2A LOT 25 San eens 2 240 
255 MtOL27 Ose ane 3 208 
PI OCLs 205 selene 5 277 
2550 ZOO. a> I 203 
BOO@LOi8 15 veer 9 308 
Be hens S Ome 19 324 
S206 kOLSA5 ern a: 12 336 
SAK GLONS OO «ele ner 4 352 
6) tO ES yan ee 2 6 
5 COs Owen ite 3 23 
BOn Om 4 5 eter ater- 5 34 


Projecting all positions on to a plane through the sun perpendicu- 
lar to the Galaxy and including the circle defined by galactic longi- 
t That is, the longitude of the thirty-fifth cluster when they are taken in order of 
increasing longitude, beginning with N.G.C. 1904. 
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tude 325°, we get the diagram in Fig. 4, which represents the 
apparent distribution as seen from a great distance in the direc- 
tion of galactic latitude o° and galactic longitude 235°. Black 
dots above the central line represent clusters north of the galactic 
plane; open circles below represent those south. Thus the ordinates 
are Rsin8 and the abscissae Rcosf cos (A—325°), where R, B, 
and \ are respectively the distance, galactic latitude, and galactic 
longitude of a cluster. 


+300 


+200 


Fic. 4.—Projection of the positions of globular clusters on a plane perpendicular 
to the Galaxy, illustrating (x) the absence of clusters from the mid-galactic region, 
(2) their symmetrical arrangement with respect to the Galaxy, (3) the eccentric 
position of the sun (the cross) with respect to the center of the system of clusters. 
The ordinates are distances from the galactic plane, Rsin@; the abscissae are 
projected distances in the direction of the center, Rcos 8 cos (A—325°). The unit 
of distance is too parsecs; the side of a square is accordingly 10,000 parsecs. On 
this scale the actual diameter of the clusters is about one-fifth the diameter of the 
circles and dots. The cluster N.G.C. 4147 is outside the boundary of the diagram, 
as indicated by the arrow. 


Fig. 5 differs from the preceding diagram only in having R cos 8 
for abscissae. Hence the sun, as origin, is at the extreme left edge 
of the figure, and the actual distance of each cluster is represented 
by the radial distance from the origin. 
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Figs. 4 and 5 show more clearly than Fig. 2 the remarkable 
distribution of clusters with respect to the Galaxy. In the first 
place clusters are impartially distributed above and below, there 
being 32 north and 37 south of the plane. Although the average 
value without regard to sign is +79 (in units of 100 parsecs), the 
algebraic mean of all distances from the plane is —1; rejection of 
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° 
° 
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Fic. 5.—Distribution of globular clusters. The ordinates are Rsin£, as in 
Fig. 4; the abscissae are distances projected on the galactic plane, Rcos8. The 
unit of distance is too parsecs. The very small semicircle, with radius corresponding 
to a parallax of 0’002, illustrates the region around the sun which contains all but 
a few of the stars in Charlier’s B-type cluster. The large semicircle indicates the 
distance to which the present results are thought to be complete. Messier 3 and 
Messier 13 are indicated by numbers; the most distant cluster now known, 
N.G.C. 7006, is near the lower right-hand corner of the diagram. N.G.C. 4147, 
with co-ordinates 109 and 514, is not shown. 


—150 


—250 


the very distant cluster, N.G.C. 7006, would change this to +2. 
Considering the accidental variation and the size of the distances 
involved, the algebraic mean is vanishingly small, and we may say 
confidently that the plane of the Milky Way is also a symmetrical 
plane in the great system of globular clusters. This relation to 
the Galaxy holds with good approximation at all distances from the 
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sun (graphically shown best by Fig. 5), as may be seen from the 
following tabulation: 


INTERVAL OF R cos B 


o-100 100-200 200-300 > 300 All 
iINtim ber ofc Clusterseeryscrer en ese II 29 15 14 69 
¥ pie (Algebraic saver cer |Meat +9 — 23 — 5 — 1 
Mean* R sin B \Arithmetical....... +70 +84 +59 | +100 = 79 


*See n. I, p. II. 


A second phenomenon clearly illustrated by the diagrams is 
the avoidance of the Milky Way—a result that may be of very 
exceptional significance. There is no cluster within 1300 parsecs 
of the plane of the Galaxy, and within 2000 parsecs of that plane 
there are only five, four of which are among the clusters nearest 


Distances from galactic plane 
—8000 — 4000 o +4000 +8000 
24 


Number of clusters 


Fic. 6.—Reflected frequency-curve of the distances of globular clusters from the 
galactic plane, illustrating the equatorial region devoid of globular clusters. The 
unit of distance is one parsec. 


the sun. In Figs. 4 and 5 a shaded region, 13,000 light-years in 
width, indicates the zone from which globular clusters are practically 
excluded. ‘ 

The increasing concentration toward the Galaxy from both sides 
stops almost abruptly at the boundary of the shaded zone. The fre- 
quency of distances from the plane is treated in more detail in Table 
X, and the undoubted dependence of the clusters on the galactic 
plane, noted numerically above, is further emphasized by the curve 
in Fig. 6. The completion of that curve, in a form naturally to be 
expected for the frequency of objects concentrated toward the 
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Galaxy, would require at least 50 globular clusters within 1500 
parsecs of the plane; there is, however, only one, Messier 22, and 
its distance below the plane corresponds to a parallax of 070008. 
It should be observed, moreover, that not only at great distances, 
where insufficiency of observations may be urged, do we note this 
absence of clusters, but also within a distance from the sun of 
20,000 parsecs, where the data are quite sufficient (37 clusters) and 
undoubtedly are complete. Hence we conclude that this great 
mid-galactic region, which is peculiarly rich in all types of stars, 
planetary nebulae, and open clusters, is unquestionably a region 
unoccupied by globular clusters. 

To explain this remarkable condition several hypotheses have 
been considered, such as error in choosing the origin of galactic 
latitudes,t incompleteness of data, general absorption of light in 
space,” clouds or a ring of absorbing matter along the spine of the 
Milky Way analogous to the dark peripheral rings of spiral nebulae, 


tThe adopted position of the north galactic pole is that given by Gould 
(Uranometria Argentina): a=12541™, 6=+27°21/ This position differs by less than 
a degree from those obtained through other reliable and definitive investigations. 
The most recent, and probably the best, is based on the Harvard Map of the Sky, by 
Nort, who finds a=12>44™, 6=+27° (Recherches Astronomiques de VObservatoire 
d’ Utrecht, VII, 84, 112, 1917). An error of 1° in the cluster latitudes might slightly 
displace, widen, or narrow the zone of avoidance, but nothing short of selectively 
operative errors of several degrees could seriously obscure it. The frequency-curve 
of galactic latitudes also shows the zone, but naturally to a lesser degree. The values 
in Tables V and VIII show no latitude less than 5°. See the remarks relative to 
N.G.C. 2660 in n. 2, p. 14. 


2 See the notes in a following paper (the eleventh of the series) on the color of 
stars in the two most distant clusters. The dark obstructing nebulae which are fre- 
quently found in and near the Milky Way are undoubtedly capable of obliterating or 
greatly diminishing the light of any cluster involved in the nebulosity or beyond it. 
N.G.C. 4372, a large southern cluster (almost certainly globular), which is very faint 
for its angular diameter, falls alongside a vacant space im the sky. N.G.C. 6144 is 
near the edge of the p Ophiuchi dark nebulosity and appears large for the magnitude 
of its bright stars. This latter nebulosity may also affect the brightness of Messier 4 
(N.G.C. 6121) to some extent. But it is interesting to note that in developing a 
parallax method that is independent of the magnitudes we have escaped from the 
errors in parallax that such obstructing material might occasionally have imposed. 


3 Possibly a hypothetical wedge-shaped ring might explain some of the divergence 
from the galactic plane with increasing distance (Figs. 4 and 5); but insufficiency of 
material for faint clusters would better account for most of it. The phenomenon, 
of course, may be real—a widening of the zone of avoidance in the direction of the 
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and finally the actual absence of globular clusters from the regions 
rich in stars because of the dynamical impossibility of existence. 
The first three seem clearly impossible, the fourth improbable or 
at least unquestionably insufficient, and, therefore, without going 
at present into the meaning and consequences of such a theory, 
the last hypothesis is tentatively adopted. 

We have found that the center of the elongated and somewhat 
irregular system of globular clusters lies in the plane of the Milky 
Way on a line directed toward galactic longitude 325°. The 
distance along that line may be estimated from an inspection of 
Fig. 4, and perhaps obtained more accurately from the following 
consideration of the frequencies of R cos cos (A—325°), in which 
clusters more than 15,000 parsecs distant from the plane are 
excluded: 


INTERVAL OF DISTANCE IN DIRECTION OF CENTER 


| 
Voss ae aaa Pa i phe ara tyeate >soo | All 
Number of clusters; I 2 18 20 Io 5 B I 60 
Mean of R cos 8 
eas (k= 325°). |—145} —74 |) 4-50}-1-138 |-4240 |-+-342 |4-454- 141-525 | 159 


From a plot of these numbers we estimate provisionally the 
distance of the center to be 13,000 parsecs. Incompleteness of 
data because of faintness will not materially affect the galactic 
longitude and latitude of this point, but is likely to make the 
distance too small. The mean value of R cos 8 cos (A—325°) for 
the 60 clusters, +158, is probably nearer the true value, but it is 
also liable to understate the distance. A definitive value is hardly 
possible, and, at least until the number of very faint clusters can 
be considerably increased, we may adopt as the center of the general 
system of globular clusters a point for which the parallax is between 
"00006 and 0700004, with equatorial co-ordinates a=17530™, 
6=—30°, and galactic co-ordinates \=325°, @=0°. The position 
center oi the globular cluster system, combined with a lack of observations for clusters 


far beyond the center. See n. 2, p. 14; if N.G.C. 2660 is globular, the apparent 
tendency to widen with distance is somewhat counteracted. 
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lies in the constellation Sagittarius, a few degrees east of its bound- 
ary with Scorpio and Ophiuchus. 


III. LINEAR DIMENSIONS OF CLUSTERS 


A literal interpretation of the curve in Fig. 1 gives for the 
dimensions of globular clusters: 


Parallax (Unit Is 07000001) 


20 40 60 80 100 120 150 
Angular diameter Ti 217 52 8/3 12/4 r762 2755 
Linear diaméter 
in parsecs..... 16 20 25 30 36 42 53 


As remarked before, however, the diameters from the charts do 
not give a true measure of the clusters, and the hypothesis that 
size depends on distance from the sun, irrespective of distance 
from the Galaxy, is quite untenable. 

There are, without doubt, real though relatively inconspicuous 
differences among globular clusters; and some of the differences, 
such as frequency of certain spectral types, degree of condensation 
and ellipticity, and possibly total numbers of stars, are being 
recognized and evaluated through the Mount Wilson studies. 
Two properties, however, so far seem to show little variation 
from cluster to cluster—the actual linear diameter and the mean 
magnitude of the brightest stars. We shall assume, therefore, on 
the basis of what observational evidence we now have at hand, 
that all globular clusters are of practically the same dimensions, 
explaining the apparent decrease in size with increasing distance 
(tabulated above) as a natural consequence of a central concentra- 
tion of luminosity and of an intermingling near the edges with 
non-cluster stars. On that basis ‘an investigation of the dimensions 
of one cluster will suffice for all. 

Long exposures with the 60-inch reflector upon the outer parts 
of some of the brightest clusters have confirmed the conclusion, 
obtained from a study of the distribution of variable stars, that 
the clusters are much greater in extent than would be inferred from 
ordinary visual or photographic observation. For instance, on the 
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Franklin-Adams charts the apparent diameter™ of Messier 3, the 
cluster chosen for the present illustration of dimensions, is 7’; on 
the original plates it is 18/, according to Melotte; but the actual 
diameter is in excess of half a degree. 

The distance of Messier 3 is 13,900 parsecs,? corresponding to 
nearly three thousand million times the distance of the sun from 
the earth. The distance north of the galactic plane is 13,500 
parsecs. The accompanying plate is reproduced from a photograph 
of several hours’ exposure made by Mr. Ritchey with the 60-inch 
reflector. The original negative shows more than twenty thousand 
stars outside the central burned-out area, the smallest images being 
fainter than the twentieth magnitude. 

The cluster extends beyond the limits of the photograph in all 
directions. The most distant variable star (undoubtedly a member 
of the system) is 17’ from the center, corresponding to a projected 
distance of fourteen million astronomical units. As ordinarily 
seen and photographed, the cluster covers an area but little larger 
than one of the squares, but we may be sure that its actual projected 
area is at least twenty-five times as great; that is, the diameter 
is about thirty million astronomical units. To cross the cluster, 
light must travel 470 years. 

If we suppose the sun situated at the center of the cluster, all 
stars with parallaxes greater than o”1 would be included within 
the concentric circle. Sirius would be at the distance indicated 
by the cross, and the projected distance of the bright triplet 
near the bottom of the picture equals the distance of the Hyades 
from the sun. 

Inclosed in small circles are a few of the variable stars, chosen 
at random, the close equality of whose magnitudes is to be noted. 
In some cases they appear as doubles, but the actual separation 


t The estimates from the charts, listed in Tables V and VIII, refer actually to 
what appears to be a central core of each system. The scale of the photographs 
does not permit close differentiation of the outlining members of a cluster from the stars 
of its surrounding field. 

2 The diagram was made on the basis of a parallax of o’000074; the final value 
of Tables I and V indicates that the linear dimensions of the cluster on the plate 
are too small by 3 per cent, an amount, however, that is far within the probable 
error. 
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in the closest of the indicated pairs is more than half the distance 
separating the sun from a Centauri. In the small square is the 
image of an exceptional variable, No. 37, for which the period is 
less than eight hours. 

The cluster variables, in the mean, have the absolute magnitude 
—o.2, photographically nearly six magnitudes brighter than the 
sun. Astar of the brightness and color of the sun would not appear 
on the photograph, being nearly two magnitudes too faint (21.5). 
Sirius, located in this cluster, would be of the seventeenth apparent 
magnitude, corresponding to the star indicated on the photograph 
by an arrow-point. 

The condensation of stars at the center of the cluster may be 
readily contrasted with that of stars around the sun. Within the 
circle, which marks a distance from the center corresponding to a 
parallax of o”1 (approximately two million astronomical units), 
there are at least 15,000 stars brighter than magnitude 20. (This 
estimate deducts those stars not within the concentric sphere but 
appearing by projection within the circular area.) In a sphere of 
the same radius, with the sun as center, less than twenty stars 
brighter than the sun are known. But only those which are two 
magnitudes brighter appear on this photograph of the cluster; 
there are, accordingly, in the sphere around the sun only four or 
five stars to compare with the 15,000 in Messier 3. 

Finally, we shall make some estimates relative to the probable 
mass of a globular cluster. We may go astray, to be sure, in 
assuming similar masses and analogous relations of mass to lumi- 
nosity for stars in clusters and in the general galactic system. The 
dynamical conditions in these highly condensed globular systems 
may conceivably have some important effect upon the amount of 
matter that goes into a single star as well as upon the speed and 
nature of subsequent development. Eddington’s recent theoretical 
work on the masses of stars, however, indicates that as long as we 
deal with typical giants the masses are definitely limited; and, 
further, the identity of Cepheid phenomena wherever studied— 
in the galactic system, in the more condensed Magellanic ‘clouds, 
and in the extremely condensed globular clusters—tends to support 
the view of the universal comparability of stellar masses. 
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All that we know of the masses of stars from observation has 
been summarized recently by Russell... The data come altogether 
from double stars, but we shall probably not commit serious error 
in applying the results without alteration to the single stars in the 
condensed globular clusters, although possibly slightly greater aver- 
age values for each type would be appropriate for the isolated stars 
in our general galactic system. For the present approximation we 
shall simply take a mean value from Russell’s data, say an average 
of four times the sun’s mass for every star brighter than the sun. 
The number of such stars in Messier 3 may be fairly estimated at 
40,000, only three-fourths of which \have ever been photographed. 
Hence the entire mass, distributed among the stars which are 
brighter absolutely than photographic magnitude +5.6, is 160,000 
times the solar mass; and something like three-fourths of this 
amount is within ro parsecs of the center. 

It seems quite futile at present to estimate the total mass of 
the cluster. Perhaps it is two or three million times the solar mass; 
probably it is several times the amount estimated for the stars 
brighter than 5.6—that we must admit on the basis of what little 
we now know of the relative frequency of dwarfs and giants in the 
vicinity of the sun; but as a matter of absolute certainty we do not 
know that there is a single star fainter than the sun, and even our 
estimate of 160,000 may be 50 per cent too great. 


SUMMARY 


t. Following the methods outlined in the preceding paper the 
parallaxes and positions in space are obtained for 69 globular 
clusters—all that can now be definitely assigned to the globular 
class. The distances range from 6500 to 67,000 parsecs, the 
brightest stars in the most distant clusters being fainter than the 
seventeenth photographic magnitude. The average probable 
error of a parallax is of the order of 20 per cent, varying consider- 
ably with the method used and with the quality of the observa- 
tional work. Something more than 15,000 measures of magnitudes 
were made for one phase of the work. Section I contains various 


t Popular Astronomy, 25, 666, 1917. 
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items relative to the method of investigation, comparative accuracy, 
maximum luminosities, and the frequency of giants. 

2. The study of the distribution of clusters in space brings out 
a number of remarkable features (cf. sec. II), the most significant 
of which appear to be the absence from the denser stellar regions 
of globular clusters and the final proof that they are subordinate 
to the general galactic system. The center of the system of 
globular clusters is found, with some uncertainty in one co-ordinate. 
A discussion of the part played in a general theory by the distribu- 
tion of clusters is postponed to a following paper. 

3. The derivation of parallaxes has permitted the discussion of 
the actual dimensions of clusters and a comparison with familiar 
distances near the sun. Plate IV sufficiently summarizes the result 
for a typical system, Messier 3, whose distance from the earth is 
of the order of 250,000 million million miles. The total mass of a 
typical globular cluster is estimated to be from a quarter to a half 
of a million times the solar mass, with much uncertainty as to the 
upper limit. 


Mount WILson SOLAR OBSERVATORY 
December 1917 
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Ast. Units 


THE GLOBULAR CLUSTER MEsSIER 3 (N.G.C. 5272) 


The side of a large square is 5,000,000 times the distance of the earth from the 
sun. The radius of the concentric circle corresponds to a parallax of 0/1 (2,062,650 
astronomical units). To cross the circle light must travel for sixty-five years. 
Small circles contain typical variables; the small square, variable No. 37. If the 
sun were situated at the center, the Hyades would be at the distance of the triplet 
at the bottom of the picture; Sirius would be at the distance of the black cross 
near the center. A star of the luminosity of Sirius is indicated by the arrow 
point. Stars of our sun’s brightness are nearly two magnitudes too faint to 
appear on the photograph. 


Contributions from the Mount Wilson Solar Observatory, No. 153 
Preprinted from the Astrophysical Journal, Vol. XLVIII, ror8 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


EIGHTH PAPER: THE LUMINOSITIES AND DISTANCES OF 
139 CEPHEID VARIABLES 


By HARLOW SHAPLEY 


Aside from the error involved in the determination of the 
zero-point of the luminosity-period curve,’ most of the error 
affecting the absolute parallax of an isolated Cepheid variable is 
due to the uncertainty of apparent magnitude, since the period of 
light-variation is usually known with an accuracy that for this 
work is superfluous. Scores of observers, employing numerous 
methods and systems of magnitudes, have participated in the dis- 
covery and observation of these stars; but observations have often 
been made solely for the determination of periods, little attention 
being given to light-curves or accurate values of maximum and 
minimum light. Frequently the magnitudes are referred to the 
system of the Bonner Durchmusterung, and only occasionally, for 
the brighter or best known stars, to the Potsdam or Harvard 
photometric scales. 

Adding to the uncertainty in the systems of magnitude the 
occasional difficulty, arising from changes in the form of light-curves, 
in obtaining accurate mean values of maximum and minimum 
brightness, we must expect an average probable error in the adopted 
median magnitude of the order of o.4 mag. The consequent 
average probable error computed for the parallaxes of stars that are 
normal Cepheids is about 20 per cent of the tabulated values; for a 
number of the brighter stars and for well-observed cluster-type 
variables the error is only a little more than half that amount, but 
possibly it attains a maximum of 50 per cent for some of the 
faintest stars that are scantily observed on uncertain magnitude 
systems. Accurate determinations of the apparent visual or 


1 Mt. Wilson Contr., No. 151, sec. ILI. 
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photovisual magnitude should reduce the probable error of the 
parallax of any Cepheid to less than 15 per cent. 

The estimated range of 10 to 50 per cent in the probable error 
of the parallaxes allows for a variation in the probable error of 
apparent median brightness from a tenth to a whole magnitude— 
an amount which is shown by an examination of the underlying 
observational material to be sufficient. We note, therefore, that 
for parallaxes obtained with the period-luminosity curve the 
accuracy appears to surpass that of direct measures on any object 
for which the parallax is less than 0/01, and is essentially independ- 
ent of distance. About two-thirds of the Cepheids now known have 
parallaxes smaller than o’oor. 

The greatest chance for serious error in the work lies in the 
unintentional inclusion of some stars that are not typical Cepheids. 
For a star showing periodic continuous variation which simulates 
certain Cepheid characteristics but exhibits peculiarities such as 
double maxima or minima, we have found from cluster studies that 
the absolute brightness usually is less than for typical variables 
having the same period. The mean periods of such peculiar stars 
are often long; and, conversely, Cepheids of very long period are 
frequently abnormal. Until the normality of period and light-curve 
is established, we must, therefore, look with some doubt upon the 
enormously great absolute luminosity (and distance) obtained for 
galactic variables with periods in excess of forty days. Accordingly 
such stars are relegated to a supplementary table, which also con- 
tains provisional parallaxes and luminosities of variables that for 
various other reasons seem uncertain. 

The list of variables in Table I is essentially complete for typical 
stars with definitely determined periods less than forty days. The 
various Harvard compilations and Hartwig’s annual catalogue 
are the principal sources of observational data.1 Names and posi- 


* Note added to proof, April, 1918.—Hartwig’s catalogue and ephemeris of variable 
stars for r915 was the last number of that annual publication available when the 
tables for this paper were compiled. The issue for 1918, which has now been re- 
ceived, contains not only numerous revisions of the periods of the older variables 
but also some additions to the list. The corrections demanded by the revised 
periods have been applied to the values in all the tables, the text has been modified 
where necessary, and the statistical results in Tables II-VI now include the data for 
the twelve additional stars in Table Ia. 
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tions have been taken, whenever possible, from Table VIII of Harvard 
Annals, 56. Fora majority of the stars the median visual magnitude 
of the eighth column is the mean of the maximum and minimum 
magnitudes given in this Harvard list, although for a number of 
variables improved magnitudes are obtainable fromrecent literature. 
All photographic magnitudes have been reduced to the visual system 
with the aid of a mean color-curve. The periods are mainly from 
Hartwig’s catalogues, but occasionally recent publications afford 
better values. The parallaxes have been computed from the abso- 
lute magnitudes, which were read directly from the luminosity- 
period curve. A representation of the curve appears in Fig. 1 of 
Contribution No. 151. For the sake of uniformity the first decimal 
place is retained for all the distances in the last three columns, 
though for the larger values it is generally meaningless. 

The 35 stars in Table II include: (1) all with periods greater 
than forty days, some of which, RS Puppis, for instance, seem to 
show typical Cepheid variation, although others, with M-type 
spectra, may be classed more correctly with the long-period variables; 
(2) a few with period or type somewhat uncertain; (3) 7 stars that 
appear to belong to the RV Tauri type of variation,’ and (4) a 
number known to be otherwise peculiar or irregular. Further obser- 
vation is sure to place some of these stars with those of Table I. 
While it is very probable that the absolute brightness of all of them 
is high, in many cases the luminosity-period relation may not hold 
rigorously. Moreover, the high galactic latitude of some variables 
with periods in excess of forty days suggests, as strongly as the 
frequent peculiarities of period and amplitude, that these stars 
differ too greatly from the typical Cepheid to make the estimated 
distances of much value. 


The periods of RV Tauri, R Sagittae, and V Vulpeculae are taken as thirty-nine, 
thirty-five, and thirty-eight days, respectively; these values, representing approxi- 
mately the cycle of the principal variations, are more likely to give correct absolute 
luminosities. Cf. van der Bilt, Recherches Astronomiques de Observatoire d’ Utrecht, 
VI, 1916. On the authority of Enebo similar treatment is accorded TV Andromedae, 
RY Lacertae, SW Persei, and RX Ursae Majoris. L. Puppis is a bright southern 
variable that may belong to this interesting type; a critical examination of its spectrum 
is very desirable. The study of the secondary variations of such typical stars as 
RR Lyrae (Astrophysical Journal, 43, 217, 1916) shows that the difference between the 
RV Tauri type and the ordinary Cepheids is not so great as appears superficially. 
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The period of any star in Table II may be found, if desired, by 
reading its logarithm from the luminosity-period curve for the cor- 
responding tabulated absolute magnitude; and the adopted median 
apparent magnitude can be readily computed from the parallax and 
absolute magnitude. The last five stars of the table were added 
from Hartwig’s 1918 catalogue; see note 1, p. 2. The variables 
of Table II are not used in the diagrams or in the following 


discussion. 
TABLE II 


SUPPLEMENTARY LIST OF VARIABLES 


No. Name Mace zt ‘3 Parallax 
5 yee RX Andromedae —5.5 0700010 
eae SZ Cassiopeiae —5.6 0.00008 
eae oe SW Persei —6.5 ©.00008 
Pee eS SW Aurigae —4.7 ©.00004 
Rec RV Tauri —5.3 0.00009 
Gisvear SS Geminorum —5.5 ©.00018 
watciente V Lyncis —6.2 ©..00009 
Stree RU Camelopardalis —4.4 ©.00019 
Onneie RS Puppis —5'3 ©.00029 
TOS oe Z Cancri —6.2 0.00010 
EL ae ye RX Ursae Majoris —6.0 © .00003 
26 ese S Antliae —0.3 0.0042 
Tsetse Z Leonis. —5,8 ©.00012 
hae S Crucis —2.0 0.0016 
TS ee W Virginis —4.0 ©.00014 
fOcca eee V Ursae Minoris —6.2 ©.00015 
oy fe UV Draconis On ©.00010 
TO cess TX Scorpii —o0.6 0.0021 
TOe eee k Pavonis —3.0 0.0032 
DOM a eae S Vulpeculae —6.1 ©.00009 
2 Baer TX Aquilae — 5.0 ©.00010 
Bo sane R Sagittae —5.1 0.00013 
Goer hae V Vulpeculae —5.2 0.00017 
OP i TW Pegasi —6.3 0.00018 
DG eee RY Pegasi —4.6 ©.00010 
20 sree RY Lacertae —6.0 0.00003 
Py ae ae W Cephei —2.4 ©.00091 
Douce X Lacertae —2.2 0.00076 
2O Sonatas TV Andromedae —6.0 ©.00007 
BOnm ae RU Aquarii —6.1 ©.00009 
Bee bce ere —4.0 ©.00004 
22 een: U Monocerotis —5.5 0.00044 
33002) UM Herculis —6.0 0.00010 
34. ....| TX Ophiuchi —6.2 ©.00005 
35.....| AP Sagittarii eye) 0.00083 


There can be no doubt of the intimate relationship of cluster- 
type variables to the longer-period Cepheids, but in a few 
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characteristics there appear wide differences—discontinuities in 
the usual progressive connections. One conspicuous discontinuity 
appears in the frequency of periods, which is illustrated in Table III 
for the 139 variables of Tables I and Ia. Attention has been 
previously called to this matter by Hertzsprung and others. The 
reason for the two maxima in the frequency-curve must be sought 
in the dynamics of the stars themselves. 


TABLE III 


FREQUENCY OF THE PERIODS OF 139 CEPHEID VARIABLES 


Period in Days ~ Neue of Period in Days ae of Period in Days py of 
OsOsOn Dutt aiecae? 2 GLO Sts Site 5 13.0-14.0..... I 
On 2=ONA ercietaers bf Se5=a OF Ore erst 5 EARO-l5c,O- mane 4 
OSs os ono. 31 GnO- NOR See = 6 L527 Of On Ones 3 
QRO—Ono ener 4 ONS 7 HOmaa ss 3 TONO— ERO ans 4 
ORSH Omer I Geet Wl kiw rca 3 TOL O=LOuOWenE 2 
TOL Setar. ° Uf alae CSIKO) 5 Gy cle 6 T8..0-I19708. 5:2 2 
UBER SOC Sd 3 arn 2 ShO— Onis ane 2 TO: O=20.0n- ere 4 
22 O— 2) 5c saree I Se 5KOnOnnre ° NOOK 6 our I 
255 = Fh Omerrcys I QEO= nO Sapte I 250 OBO LOM a 2 
Bn Om a bays amehan 4 O. 5=1OLOmee ne 2 Reo= es wey an oe ° 
Saker Woo oq BiaK 6 LOLO-F i Onn en 4 3520-4050 sian. 2 
ACP ridic BOS 7 TiO Tonos 2 
AVG = 5 (0 ernie 5 T220=13) Onn re 4 


Two other notable differences between the two groups are the 
space distribution and the space velocities. Hertzsprung has 
maintained in several notes that the cluster-type stars must be of 
low luminosity because of the large proper motion of their brightest 
representative, RR Lyrae (u=0/25), and because of the position of 
many such stars in high galactic latitude. The closely comparable 
luminosity of the two groups, however, is established by the 
luminosity-period curve. Moreover, RR Lyrae has a much larger 
radial velocity than the ordinary Cepheids, V,=50 km/sec., and 
its proper motion may be an indication of great peculiar velocity 
rather than of large parallax. 

This supposition is strongly supported through spectroscopic 
observations by Adams of four other cluster-type variables. The 
smallest radial velocity is —52 km/sec. for RS Boétis; the greatest 
is —196 km/sec. for XZ Cygni, which has an annual proper motion 
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of ofr, according to a determination kindly made at the writer’s 
request by Professor Tucker. If we adopt the parallaxes in Table I, 
the space velocities of RR Lyrae and XZ Cygni, 400 km/sec., 
are among the greatest known. The average radial velocity for the 
longer-period Cepheids is less than 1okm/sec. It is possible, 


therefore, that the 
marked contrast 
between the wide dis- 
persion of isolated 
cluster-type stars and 
the galactic concentra- 
tion of normal Cepheids 
arises solely from the 
fact that the velocities 
of the former are enor- 
mous while those of the 
latter are moderate, in 
keeping with the 
motions of most other 
red and yellow giant 
stars. 

Table IV contains a 
summary of the distribu- 
tion of the variables 
with periods less than 
one day. The number 
of such stars is not large; 
the data are without 
doubt incomplete and 


Fic. 1.—Projection on galactic plane of the 
position of Cepheid variables with periods shorter 
than one day. The circles are heliocentric, with 
radii of 1000 parsecs, 2000 parsecs, etc.; galactic 
longitudes are indicated in the margin. Many of 
these variables are so far above or below the plane 
that the diagram does not well represent the distri- 
bution in space. 


there may be a preference for certain parts of the sky; hence no 
very definite quantitative conclusions should be based upon the 
material. The projection of these stars on the galactic plane is 
illustrated in Fig. 1; the distance from the plane is shown in Fig. 3. 
The great distances of RU Bodétis and SW Herculis, and in particu- 
lar the significance of the former’s position so far from the galactic 
plane, have been remarked upon previously™ and will be referred 
t Publications of the Astronomical Society of the Pacific, 29, 183, 1917. 
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to again in a subsequent paper. Six cluster-type variables, with 
Rsin@ greater than 1750 parsecs, are beyond the bounds adopted 
as defining the equatorial segment of the Galaxy (Fig. 3). The 
mean distance from the galactic plane is 960 parsecs for these 
45 variables of Table IV; for Cepheids with periods greater than a 
day it is 150 parsecs—less than one-sixth as much. The parallaxes 


Fic. 2.—Projection on the galactic plane of the positions of Cepheid variables 
with periods greater than one day. The restriction to the Galaxy is so marked for 
these stars (see Fig. 3) that the diagram closely represents the distribution in space. 
The concentration of stars near longitude 255° reflects the systematic study at 
Harvard of the periods of all Cepheids in a restricted region (Harvard Circular, 
No. 170); it suggests the incompleteness of our data in-other longitudes. 


of RS Bodtis, RU Bodotis, XX Cygni, XZ Cygni, and RR Lyrae are 
the most accurate. 

The distribution in the galactic plane of the 94 variables with 
periods longer than a day is shown in Fig. 2. The space co-ordinates 
are treated in some detail in Table V, showing the close restriction 
of ordinary Cepheids to the galactic plane. As a graphical test of 
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TABLE IV 


DisTANceE From GAtactic PLANE OF 45 CEPHEIDS WITH 
Perrops Less Tuan a Day* 


VARIABLES Norts OF GALACTIC PLANE||VARIABLES SOUTH OF GALACTIC PLANE 


Limits of Distance Number Limits of Distance Number 
>-+I500 parsecs.... 7 <— 1000 parsecs 3 
+1500 to+1000... 7 — 1000 to —500 5 
+1000 to+ 500... 9 — 500 to ° 8 
+ 500 to Onene 6 
Rotel ewes 29 Lota lomersacemres 16 


* Allowance for the position of the sun north of the Milky Way plane 
would alter these values slightly but would not change the actual dispersion. 


+30 
fe 
--20 E 
+37.5 S 
S 
3 


—17-5 
Ae 


Fic. 3.—Distribution of Cepheid variables. The unit of distance is too parsecs. 
Ordinates are distances from the galactic plane; abscissae are projected distances in 
the plane; cf. Fig. 5 of the seventh paper. Open triangles and black dots designate 
respectively cluster-type variables and Cepheids with periods in excess of a day. 
The nearest globular cluster, w Centauri, is just outside the boundary of the diagram 
on the right; RU Bodtis, indicated by an arrow, is too far above the plane to fall 
within the figure. The semicircles with radii of 500 and 1000 parsecs (r=0%002 
and o’oo1) indicate how very distant most of these variables are as compared with 
the average star of the tenth magnitude or brighter (r>o%004, Kapteyn). Between 
the broken horizontal lines, +1750 parsecs, lies the equatorial galactic region devoid 


of globular clusters. 
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the relation of galactic concentration to distance from the sun, the 
values of Rsin B are plotted in Fig. 3, against R cos 8, triangles for 
cluster-type variables, and dots for those with periods in excess of a 
day. It is important to note that for the latter the greatest dis- 
tance from the plane is attained by the star of shortest period, 
Z Canum Venaticorum, with Rsin8=+17.4 and period=1.8g0 
days. Its space velocity may be high. 

Table V and Fig. 3 reveal no conspicuous divergence from the 
galactic plane with increasing distance. The indications of a 
contrary result, obtained in the earlier study,’ was due partly to 
the inclusiqn of a few stars of the RV Tauri type; these stars are 
probably of lower luminosity than typical Cepheids of like period, 
and in consequence the computed distances, both radial and from 
the plane, were much exaggerated. 


TABLE V 


SPACE DISTRIBUTION OF 94 CEPHEIDS WITH PERIODS GREATER THAN A Day* 


LimiteEs or R cos B (IN PaRSEcs) 
o to 1000 1000 tO 2000 | 2000 to 4000 > 4000 
INGSOMGtaT Seater 14 6 II 2 
Mean RsinB..... + 220 +220 +160 +100 
North of Galaxy Waxes Ss seer +1740 +810 +640 +210 
Av. dev.from mean] = 320 = 200 +140 +100 
No. of StatSen nce 17 17 23 4 
South of Galaxy ae R sin Bares — 80 — 100 —140 — 260 
Axe SINS ae ier — 160 — 240 — 400 —510 
Av.dev.frommean}| += 40 += 60 + 80 +150 
Motal Now Oleotal seas eer ree 31 23 34 6 
4 Without regard to 
Mean R sin 8 SIGN Dra cet ee 150 130 150 210 
With regard tosign| + 60 — 20 — 40 —140 


* Distances are given only to the nearest ten parsecs. 


The distribution in longitude (Table VI) of variables with 
periods greater than one day shows some peculiarities which may 
be due to incompleteness of the data. There are, for instance, 
at least 50 stars thought to be Cepheid variables for which periods 

* Astrophysical Journal, 40, 432, 1914. 
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have not been determined, and probably a great number for which 
types are not yet known also belong to this class. 

The greater number of Cepheids south of the galactic plane is , 
easily accounted for by assuming the sun to be slightly to the 


TABLE VI 


DISTRIBUTION IN GALACTIC LONGITUDE—NUMBER OF STARS 


30° to | 60° to | 90° to }120° to}150° to}180° to}210° to|240° to}270° to}300° to}330° to 


°° to 


30° 60° go° R260" Vrso° || a8o> |! aro” ||) 2407 270" ||| zoom sgo> goo, Total 
North....| o 2 3 ZB a 5 I ° Io 2 I 3 33 
South....| 6 7 9 3 a I ° I 13 5 2 ay 61 
otal acai G 9 Ee. 6 6 6 I I 23 ai 3 14 04 


north. In fact the Cepheids should afford a good determination 
of the distance of the sun from the galactic plane when a more 
complete list becomes available. 


SUMMARY 


1. Through the use of the luminosity-period curve the absolute 
magnitudes and parallaxes have been determined for 174 variables, 
139 of which are believed to be perfectly typical members of the 
Cepheid class (Tables I and Ia). The average probable error is 
estimated at 20 per cent. 

2. Forty-five variables belong to the cluster type, with absolute 
luminosities a little more than one hundred times the brightness 
of the sun. Ninety-four are ordinary Cepheids with periods longer 
than a day and with luminosities ranging from two hundred to ten 
thousand times that of the sun. For 35 stars either the type of 
variation, or the period, or the magnitude is not certain or regular 
enough to yield final parallaxes (Table II). 

3. The distances of Cepheid variables are considerably greater 
than have been obtained heretofore for individual stars. Less than 
one-third of them have parallaxes greater than a thousandth of a 
second. The most distant Cepheids now known are nearly 20,000 
light-years from the sun. The nearest globular cluster is at a 
distance of about 21,000 light-years. (Cf. w Centauri in Fig. 3.) 
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4. The numerical evaluation of the distribution in space 
confirms both the well-known concentration toward the galactic 
plane of Cepheids with periods greater than a day and the indiffer- 
ence of cluster-type variables to that plane. A plausible explana- 
tion of the wide dispersion of the latter is to be found in their 
relatively very high velocities in space. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


NINTH PAPER: THREE NOTES ON CEPHEID VARIATION 
By HARLOW SHAPLEY 


At least three classes of stars may be independently used to 
ascertain the distances of globular clusters through luminosity cor- 
relations—Cepheid variables, B-type stars, and the giants of the 
redder spectral classes. The giant red stars in local parts of the 
galactic system, as well as in globular clusters, are now known to 
have a limited dispersion of absolute luminosity; and if we should 
assume the absolute magnitude in the mean to be the same in both 
regions, it is readily shown that the resulting parallaxes of the clus- 
ters would be closely comparable with the values obtained in the 
present investigation. The stars of spectral type B (color-class 6) 
form a second class of objects that are generally recognized as valu- 
able criteria of distance, not only because of a fairly small dispersion 
of intrinsic brightness, but also because much is known of the actual 
absolute magnitudes through studies of community motion and 
parallactic drift. Apparently, however, there is a tendency for 
B-type stars to fall into groups that may differ in real brightness by 
one or two magnitudes,” thus introducing a large percentage uncer- 
tainty into the distances depending on magnitude correlations. If, 
as seems necessary from related investigations, the most luminous 
b-class stars in clusters are equated in luminosity with the galactic 
B stars that have an average absolute magnitude near zero, the 
distances of globular clusters (and of all Cepheids) are essentially 
as now adopted. On the other hand, if the brightest 6-class stars 

For example, see Division III of the parallax determinations of Messier 13 listed 
in Table XXVII of Mt. Wilson Contr., No. 116, 1915. The parallax there derived from 
red giants is 0700010; that now adopted is o’00009. Applying this method we would 


readily obtain also the absolute magnitudes of all Cepheids, and then derive practically 
the same individual parallaxes for them as given in the eighth paper. 

2 Kapteyn, Mt. Wilson Contr., No. 82, 1914; Charlier, Meddelanden frén Lunds 
Astronomiska Observatorium, Series 2, No. 14, 1916. 
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are equated in luminosity with the most luminous of galactic 
B’s, or if much weight be placed upon a direct application of the 
fragmentary luminosity-curves of B stars," the distances and all the 
dependent dimensions would be considerably greater, and all giant 
red stars and Cepheid variables would be systematically much 
brighter in clusters than in the general galactic system. 

The present study has shown that for the third class of bright 
stars common to clusters and the general system—the Cepheid 
variables—the luminosity is simply a function of the period of 
light-variation, and, except for some uncertainty in the zero-point 
of the absolute scale, may be very accurately known. In conse- 
quence the Cepheids become of so much greater weight in the 
estimation of the parallaxes of globular clusters that other classes 
of highly luminous stars can best be used only to check the results, 
or as secondary standards.? 

Although the distances obtained independently of the Cepheids 
would, as suggested above, be much the same as we have found, 
and the same conclusions as to the size and structure of the 
general system of clusters would result, the computed certainty of 
the distances and dimensions would be of a much lower order. The 
adopted numerical values therefore depend mainly upon the 
Cepheid variables, and the investigation of all phenomena related 
to the luminosity of these stars becomes appropriate. In particular 
it is important to see if there is any evidence that the variables of a 
given period in different systems are unlike in median magnitude. 
In the present communication three notes are brought together that 
bear on the question of Cepheid variation. 


I. THE RELATION OF PERIOD TO LUMINOSITY 


In the second and third sections of the sixth paper of this 
series we have determined a very definite observational relation 
between the period of light-variation of a Cepheid variable and its 


* Mt. Wilson Contr., No. 116, p. 81, 1915; cf. also Eddington, Monthly Notices, 
77, 608, 1917. 

* Through the method of measuring distance by means of the ‘25 brightest” 
stars, the red giants have been used in the réle of secondary standards to determine 
the parallaxes of nearly all the clusters of Table V in the seventh paper. 
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total light emission. The luminosity-period curve, based on obser- 
vations from seven different stellar systems, is reproduced in the 
lower part of Fig. 1, where absolute magnitude is plotted against 
the logarithm of the period in days. The curve is defined by more 
than 330 stars, of which nearly 40, having periods longer than a 
day, fall along the curve at points where the variation of magnitude 


Logarithm of period 
+1.0 +0.5 0.0 —0.5 


Color-index 


Absolute magnitude 


Fic. 1.—Above: Relation of period to color-index for Cepheid variables. Below: 
Relation of period to median absolute magnitude for Cepheid variables. 


with period is rapid. Considering the uncertainties in the periods 
and magnitudes for some of the stars, the average deviation from 
the smooth curve is remarkably small—there is hardly a Cepheid 
known to be discordant. 

From the curve we see first that the decrease of median bright- 
ness with decreasing period is essentially linear until a period of 
less than three days is reached, and second that the absolute mag- 
nitude decreases no farther after the period has become a little 


163 


4 HARLOW SHAPLEY 


shorter than one day. Referring to another curve in the same 
paper, which is reproduced in the upper part of Fig. 1, we observe 
that the change of median color-index with period is of much the 
same general character. A few remarks may be made on the 
possible interpretation of these curves. 

It has been shown in an earlier paper’ that the relation of period 
to spectral type and color-index can be provisionally explained (if 
we adopt a pulsation hypothesis of Cepheid variation) as a result of 
increasing density with decreasing color-index for giant stars. 
Thus a general relation, which is known to have a wide application 
in astronomical and physical problems and which holds without 
doubt in the present case, gives the period, P, of an oscillation in 
a gaseous star as a function of the radius and the surface gravity; 
or, if p is the mean density, 


Pee (1) 
p 


For giant stars the dependence of mean density on spectrum is 
approximately known from eclipsing binaries, and the application 
of (1) to Cepheid variables of known period gives for each spectral 
type a mean density of quite the same order as that found from 
eclipsing stars. Thus, through the intermediary of the mean den- 
sity, the observed connection of median color-index and period is 
readily understood. 

The reason for the dependence of luminosity on period is not 
so definite, but the following discussion seems to indicate the physi- 
cal interpretation. If ZL be the total luminosity of a giant star, we 


may write? 
L=arJ 


where 7 is the radius and J the luminosity per unit of apparent sur- 
face. Now J=f (T, p,,7); that is, the light intensity per unit area 
depends not only upon the effective surface temperature, T, but 
probably also upon the density at the stellar surface, p,, and the 
degree of ionization, i—the last involving, it may be, the chemistry 
of the star as well as its ordinary physical properties. But with 

* Mt. Wilson Contr., No. 92; Astrophysical Journal, 40, 448, 1914. 

? Neglecting darkening at the limb. 
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good cause we believe that the effective temperature (and hence 
the color-index, C.I.) is by far the most important factor in surface 
brightness. Denoting mass by uw, we may write 


L «rf, (T) (4) sc. 


Introducing (1), 
L &« (uP?)'¢(C.L.) (2) 


and we have a physical explanation of the interdependence of the 
luminosity and period in Cepheid variation. 

For the absolute magnitude, M, of stars differing little in spec- 
tral type (such as the Cepheid variables for which proper motions 
are known) we derive from (2) 


M « 2log P+log p. 


It appears from Eddington’s theoretical work on giant stars as well 
as from observational data relative to binaries of various types that 
the range in the masses of stars is small, so that the approximate 


theoretical relation 
M=k log P (3) 


is of the same form as that observed for the Cepheid stars of longer 
period (Fig. 1). 

The inclusion of log uw in (3) would not in the mean disturb the 
linear form of the relation, for the dispersion in mass is, so far as 
we know, comparable for giants of different spectral types redder 
than A. But over a wide range of spectrum ¢ (C.I.) becomes impor- 
tant in maintaining the luminosity in the face of contraction. The 
increase of surface intensity, with the progression toward bluer 
spectrum, may wholly counterbalance the tendency to diminish the 
total light-emission through shortening periods and smaller stars— 
especially near the blue end of the giant series where critical and 
asymptotic conditions are more likely to prevail'—and in conse- 
quence the luminosity-period curve theoretically should flatten out 


«The concurrent progression toward a definite limit of luminosity, spectrum, 
and period suggests that, in the evolutionary sequence of stars, Cepheid variation 
is abruptly limited at or near the blue end of the giant series because of the changing 
physical conditions in the interiors of the gaseous masses.” —Mt. Wilson Contr., No. 151, 
Dak, Lory. 
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as observed. If, however, the counterbalance is maintained through- 
out the whole giant series and luminosity depends only on the mass, 
as some important researches suggest,’ then (1) the mass appar- 
ently determines when in a star’s history Cepheid variation may 
occur, (2) the period never changes materially during the life of 
the variation except possibly for cluster-type variables, and 
(3) the luminosity-period law may more appropriately express the 
mass-period or mass-density relation of Cepheid variation. 

It appears from the foregoing consideration that, granting the 
pulsation hypothesis of Cepheid variation, there is a definite reason 
for the dependence of total luminosity on period and a fairly 
plausible interpretation of the almost linear relation between the 
logarithm of the period and absolute magnitude. Quantitative 
evaluation of the theoretical equations should be possible eventu- 
ally, and in fact has already been made tentatively. The computed 
results roughly conform with observation, but little weight can be 
attached to this agreement because of the present necessity of 
rather vague assumptions as to the progression, with spectral type, 
both of J and of darkening at the limb. 

Eliminating the logarithm of the period from the two curves of 
Fig. 1, we obtain in Fig. 2, in the plot of absolute magnitude as a 
function of color-index, a curve that may be of considerable impor- 
tance in Cepheid theories. For comparison with this curve the 
relation between absolute magnitude and color-index for the giant 
stars in four globular clusters is plotted along a broken line in the 
same figure. We note that the change of luminosity with advan- 
cing spectral type is about the same for Cepheid variables of the 
galactic system as for all giant stars of globular clusters. Perhaps 
our more extensive knowledge of the former can throw light on the 
general problem of the relationship of succesSive spectral types. 

The constant difference between the curves of Fig. 2, which is 
certainly larger than any systematic error involved, indicates that 
for a given color Cepheids are more than twice as bright as other 


‘Various papers by Eddington and Jeans in the Monthly Notices, Nature, and 
The Observatory during 1916 and 1917. Cf. the tenth paper of this series, p. 8. 


* Adapted from the mean of the results given in Table II of Mt. Wilson Com- 
munications, No. 34; Proceedings of the National Academy of Sciences, 2, 525, 1916. 
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stars; or rather, since the largest uncertainty is probably in the 
colors of the Cepheids, it indicates that for a given magnitude the 
variables appear to be nearly o.4 mag. bluer than other giant stars. 
If minimum color and magnitude of the Cepheids be substituted 
for the median values, the two curves become nearly coincident. 


Color-index 


0.0 +0.4 +o.8 +1.2 +1.6 


Absolute magnitude 


Fic. 2.—Relation of color-index to absolute magnitude for Cepheid variables. 
The broken line represents the corresponding relation for the giant stars of Messier 
3, 5, 13, and 15. 


II. THE COMPOSITE COLOR-CURVE OF 103 CLUSTER-TYPE VARIABLES 


The determination, from plates made with the 60-inch reflector, 
of the magnitudes of a sequence of reference stars in Messier 3, 
permits the transformation to the Mount Wilson system of the 
light-curves derived by Bailey.’ Since details of the derivation of 
magnitudes for the comparison stars will appear elsewhere, it will 
suffice for the present note to give only the final photographic and 
photo-visual results. The first two columns of Table I contain the 
designation of the comparison star by Bailey and the corresponding 
number in von Zeipel’s catalogue? The Harvard and Mount 
Wilson photographic magnitudes, in the following columns, differ 
in part because of the well-known systematic difference between 


t Harvard Annals, 78, Part 1, 1913. 
2 Annales de l’ Observatoire de Paris, 25, 1, 1908. 
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the two systems, but mainly because of the somewhat provisional 
nature of the published Harvard magnitudes for this sequence of 
stars.t By plotting against each other the numbers of the third 
and fourth columns a fairly smooth curve is obtained which can be 
used to change the observed photographic magnitudes from one 


system to the other. 
TABLE I 


COMPARISON STARS IN MESSIER 3 


DESIGNATION HARVARD Mr. Witson Mr. Witson 
PHOTOGRAPHIC | PHOTOGRAPHIC | PHOTO-VISUAL | COLOR-INDEX 
. MAGNITUDE MAGNITUDE MAGNITUDE 
Harvard von Zeipel 

Wee adele Aa 740 £350 I4.10 13.40 +oM70 
| RU ee rere ee 238 13.58 14.27 12.48 +1.79 
Carmine: 640 13.98 I4.40 13-22 +1.18 
CGE aaa cyt be 263 14.22 ASS 13.41 +1.12 
Car tiene: 250 14.50 14.81 13.91 +0.90 
cea eerie 218 14.98 15.04 14.51 +0.53 
Deoleho ete este 227 r5e20 I5.25 14.60 +0.65 
Tet cae ores bat 258 15.70 15.52 15.54 —0.02 
ean oe cree 609 16.00 15.66 15.70 —0.04 
Les auto owe ees II31 16.23 15.81 15.48 +0.33 
LU ORS Oe Ot eS 1055 16.49 15.95 15.26 +0.69 
Tis pocket eee eee 1327 16.82 16.17 I5.40 +0.68 
O sacl aetiete ei cncin | hase tcbe omer oie Spe 16.43 15.78 +0.65 
Disesereidtc iene leiden, oroamets 17.63 16.79 16.38 +0.41 


* Variability suspected by Bailey. 


The close similarity of the photographic light-curves of the 
typical variables in Messier 3 makes possible the general represen- 
tation of them all by the single mean curve? which is tabulated in 
the first two columns of Table IIT and drawn as a full line in Fig. 3. 
Whatever irregularities may exist in the individual variations are 
smoothed out, of course, in this mean; and in particular the range 
may be slightly too small because the rapid variation at maximum 
is concealed to some extent by the length of exposures necessary on 
the Harvard plates. Also it is not likely, except in the mean curve, 
that the light actually remains constant for three hours at minimum. 
It is to be noted in this mean result, however, that both the form 


* Cf. Mt. Wilson Contr., No. 115, p. 13, n. 1. Ina recent letter Professor Bailey 


writes that the magnitudes are being revised on the basis of the Harvard Polar 
Sequence. 


* Derived from Bailey’s Table XIX, op. cit., p. 89. 
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of the curve and the photographic amplitude of 1.2 magnitudes are 
much the same as those usually observed for isolated cluster-type 
variables. P 

The derivation of visual or photo-visual curves for each of these 
variables would entail much work, but a mean photo-visual curve 
can be derived with considerable certainty and without difficulty 
through the determination of a composite color-curve. Making use 
of the remarkable similarity of the variables and noting that the 
slightly differing periods are not commensurable, we may, if we 


Phase 
oto of2 014 


Magnitude 


Fic. 3.—Mean photographic and photo-visual light-curves of 103 cluster-type 
variabies in Messier 3. 


choose, interpret the hundred magnitudes which are derived for 
variable stars from a single photograph of the cluster as a hundred 
different observations distributed at random along the light-curve 
of one variable—that is, along the mean light-curve. Similarly, the 
determination of the color at a given instant for the hundred vari- 
ables gives immediately a hundred observations for the determina- 
tion of a mean color-curve. Some of the periods, however, are not 
known accurately enough to allow the computation of phases for 
the time of observation, and the curve, therefore, gives color as a 
function of photographic magnitude rather than of time. To dis- 
tinguish this property it will be called a composite color-curve. 
For the measures of color, two pairs of photographs of Messier 3 
were made on December 20, 1917, each pair consisting of a 
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TABLE II 
PLATES 4309 AND 4310 PLATES 4311 AND 4312 
VARIABLE j 2 
Meee Color-Index Brectinry Color-Index 

Wet bras Ne oe 15.06 —oMts 14.68 —oM37 
TST vee TOS 5 Tikes creer 16.30 +o0.18 
2 WA Mea tis eases 15.54 —-OLOL 15.68 +0.08 
DOT AAPA 16.28 +o.36 16.34 +0.47 
Do DANAE 15.91 +0.19 15.68 +0.37 
DINE Sid tes Os 15.41 +o.29 15.54 On 20 
DOO: err aetoety 15-70 +o .06 15.92 +o.19 
22 ee I5.70 =1=OuS 5 15.87 +0.47 
DY NB Yas pos bor 15.06 =-Os08 15.64 +o.39 
DED Lee ros ce 15.70 +o.12 15.95 +o. 27 
253 a ae 50 9a +0.44 TS6e5 0.17 
204 ite mee 16.23 +0.44 16.24 +0. 23 
Phelan tice bi I5.20 +0.08 I5.39 ={=Om Le 
PYOWEN chew cist ee GG On 22 15.95 --o:, 52 
200 ee 5-33 =O. 17, 15.61 Ole 2) 
IOVS nels a a 15.70 +o. 28 I5.05 +0.52 
Chie cad tates 13.05 = EOE 13.88 = ena 
SOT sn yee 16.20 =O. 43 16.05 +o. 24 
B23 Nectar 15.91 = Ou22 I5.99 +0.52 
BRB AR unre TNO —0.08 15.39 +0.05 
DIRT OUI arene 15.87 +o.29 I5.07 +0. 36 
2 C3 rea 15.65 =o. 25 I5.61 +o. 21 
BRU. Aig ook 15.49 +0.32 15.47 +0.34 
20 Day akeaer 16.20 +o.38 16.12 +0.38 
30 Ose seas 15.83 +0.39 15.86 +o.39 
BOOas 0:62 RL Seor +0.33 TS Se +0. 36 
Is aero, tA I§.14 +o. 21 os4: +o.12 
Siksinn Hiceece 16.24 +0.42 16.05 0.15 
BO Meyis, weal 15.61 0.32 15.68 +0.25 
BOA apy en 14.47 —=0. 29 14.83 —0.09 
Xone, So cate EOR2OV Se aye aerate oes 16.18 +0.38 
BOON RON eens 15.91 = On22 16.09 +0. 29 
CLOWN eh es ae 15.04 S-One E 16.09 +0.75 
AOA ea ates 16.46 +0.64 16.03 SOs 
Gln yp Iai ee 16.20 +o.46 16.09 One 5 
425 See AS 15.98 SO 16.09 +0.59 
LACS Opty Rhea Ae I5.41 +0.20 15.64 O30) 
AG Seer er US PF +o.01 15.84 = On ky 
ATO an eee 15.36 +o.20 15.61 +0.30 
Eye Peiterentcnete 15.93 aaORaS 16.12 0.50 
SATs eta 14.88 Onna 15.08 —O.05 
OO A eee 14.62 18), 140) 15.01 +0 .09 
OE ieintcls bos, b 14.07 —0.03 1S Bel +o.18 
O44n eee 16.35 ape. GR 16.05 —OnSs 
OF Or eee 15.91 +0.06 16.03 +o0.08 
O50.ca eer: 14.97 —0..10 ES Ok = Onaga 
O70: nae eee 15.41 +0. 25 15.68 0), 22 
OOM tor 15.91 +o. 24 I5.92 +o.42 
FU Os iia ees 16.46 0.72 16.34 +0.49 
TLS teres 16.20 Ono 15.87 Ones 
HAS Vuseha® Gite 16.28 +0.59 16.13 +0.63 
TORR eee I5.14 +o. 21 15.61 +o.40 
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TABLE I1—Continued 


PLATES 4309 AND 4310 


PLATES 431I AND 4312 


VARIABLE ie j 
preety - Color-Index | ?. cn oo Color-Index 
vi Saaome ee 16.33 +966 16.23 +0M37 
EO sas 6k 15.40 Ogee 15.68 O25 
BLO che aad PS 520 +0. 27 L5e25 +0.22 
CAO ae ee 15.91 +o0.09 16.10 +0. 44 
Sy Fh eae I5.14 +o.14 15.44 +o. 26 
22 ee eran er. 1S =o. 27 15.83 +0137 
O4S% siccar. I5.Q1 +0.56 15.08 +o0.16 
QOS amevecs 15.91 Ons 16.05 +0.50 
OOO sac sce 15.70 +0.33 15.92 +0.34 
HOO 3 arr 15-55 +0.38 15.54 OBO 
TORT A aa 16.26 +0.62 16.06 +0.21 
BONY ce csrarate 15.91 +0128 16.05 +0.40 
TOQO. cen 15.91 =On03 15.94 +0.48 
PEOS ee wae 15.87 0.37 15,07, +0.49 
1 el ae 15.04 +0.48 16.09 +0.59 
PPZOC Ge hee T5e33 +0.41 15.28 Ont? 
PLOP ace ra 16.38 +0.66 16.12 +0. 36 
TES cee ae 16.28 +o0.44 16.24 +o0.41 
EEA arson 15.06 +0.02 15.34 +0.04 
LES Tae cere 15.66 +0.38 15.68 Ones) 
TOT ae tad 16.09 +0o.46 16.23 +0.49 
POO 2 ee ae T5226 +0.15 15.61 +o0.27 
IO A Galas BG2OS -o.12 15.39 +o.26 
ED 2O7 ay err ee 15.77 +o0.56 15.54 On 7 
122 eRe 15.91 =O, 22 16.09 +0.55 
EO3 Ae Seen a yee Ona ESTs 07.30 
EQSO Wwe: 14.90 +0.16 15.08 0.12 
5 VO eee 15.91 +0.63 I5.92 +0.44 
DOS Ort vetecs iets BE —0.07 ay 9/6} +0.27 
T2O5 Swe zs: RoRrt +0.07 15.28 +0.15 
T20C cee: I5.70 10227 I5.01 —Onehy 
5 1 5s ot ai 15.87 +o.11 16.05 +o.20 
L200 acer. 15.83 O01 20 15.92 +0.44 
T20 Oech I5.91 +0.47 I5.50 +0.56 
L20Sse0 0. « EEO? +o0.10 I5.21 +0.08 
D307 sees 15.83 +0.62 16.03 On aii 
EZOSs sparossiat E5508 =iOnzo 160.05 +o0.19 
EAE rests eis Toss =-On20 15.24 Onto 
E32Oraacis « 15.87 +0.20 I5.76 +o .30 
EZ 2a rss ass 15.70 Onl 15.87 +0. 24 
Eo One on ee 15.66 +0.34 15.76 +0.33 
E253 eee 15.87 +0.24 16.06 +o.30 
nC Ay Ry rete 15.83 +0.39 16.05 = renge 
13 73 oaee 8 ars I5.14 +0.07 15.39 +0. 23 
T3200 seer ee 15.98 --0.31 15.73 = TOMS 
D3 Ofer crat I5.41 +o0.09 15.61 Ons: 
EZ OOM ero 15.91 =-0.20 I5.97 a aOme 
elo O68 I5.40 +0.08 15.76 +0.42 
TACO nem erac 15.60 =+-0.18 15.92 +o.52 
TOO sR see I5.41 +0.08 15.64 +0.37 
TACO eae 16.26 +0.74 16.23 +0.17 
BAC eerste baw Ke) —0o.06 15.47 On25 
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photographic and a photo-visual plate. The photo-visual plates 
were interrupted when half exposed to obtain the photographic 
exposures, thus insuring the essential coincidence of the mean times 
of the two observations. Very rarely will an observation occur at 
such a phase of the light-variation that appreciable error in the 
color can arise from this method of observing. The results of the 
measures are given separately for the two pairs of plates in Table II. 
The first column contains the number of each variable in von 
Zeipel’s general catalogue, the second and fourth contain its ob- 
served photographic magnitude on the Mount Wilson system, and 
the third and fifth the difference between this magnitude and the 
corresponding photo-visual result. No. 318, a bright variable to 
which no type or period has been assigned, is not included in 
the discussion. 

A noticeable diversity of color for a given magnitude is evident 
in the plots of the individual results of Table II. This may be 
attributed to accidental error, or to real differences in the variables, 
or perhaps to actual differences in the color for a given magnitude 
on the ascending and descending branches. But taking the mean 
of the color-indices, grouped in order of photographic magnitude, 
a very definite composite color-curve is obtained for each pair of 
plates. As no material difference appears in the results from the 
two pairs, the normals for each are combined into the following 
means, which are graphically shown in Fig. 4: 


Mean Photographic Number of Mean 
Magnitude Variables Color-Index 

abet held, Htc tap, FC vi —0.14 
EVR re et aya 23 TOROS 
Macon o ae oasa 26 <+0.19 
LS OA recrne else 30 +o. 27 
TSO mmcea ace nes 58 +0.34 
TO. TO ee ee 38 +0.41 
TORSO ca ame ae 13 Oss 


From the mean photographic curve and this composite color- 
curve we obtain immediately for the variables of Messier 3 a mean 
photo-visual curve. The co-ordinates appear in the first and fourth 
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columns of Table III, and are plotted as a broken line in Fig. 3. 
Again the form of the curve, its amplitude, and the color variation 


a 
Photographic magnitude 
15.0 EOS 16.0 

+o.6 
cal 
o 
vg 
43 
u 
ac 
See 

—0.2 


Fic. 4-—Composite color-curve of 103 cluster-type variables in Messier 3 


TABLE III 


MEAN PHOTOGRAPHIC AND PHOTO-VIsUAL LiIGHT-CURVES OF CLUSTER-TYPE 
VARIABLES IN MESSIER 3 


Mt. Wilson ee Mt. Wilson Phot 
Phase a Color-Index Visual Phase pea Color-Index Visual 
Magnitude Magnitude Magnitude Magnitude 

©,000...| . 14.90 —oMo7 14.97 C2270 ele LOLO7 +oM42 15.65 
OLOUE sas] T4503 —o.06 I4.99 ©2283 7741) eLOLOS +0.42 15.66 
020230. -) £4.90 —0.04 I5.00 ©.2904...| 16.09 +0.43 15.66 
0.034...) ISCO —o.O1 I5.01 On 305 | OLOO OnAs 15.66 
Ox045 3] ER Od +o.o1 15.03 O-307ers| | tORto +0.43 15.67 
OLOh Vass) ES. ET +0.05 15.06 Ons Zou nO LO +0.43 15.67 
OcO0Se hal EXal 7 +0.07 15.10 OOo ool! Woon SEOnAs 15.67 
OrO7Gea|| 5-23 +o.11 sey fay OAc sl) IkeEede) +0. 43 15.67 
OrO00%)-a}) «ES 232 +o0.16 T5160 OSAP. 6 ell ikoj 2H) +0.43 15.67 
OmiO2. of) MER. 30 +o.18 ERG2E OV Bioa ni) IOs 1K6) +0.43 15.67 
Of ELS. ch leer 5.45 +o.22 15.26 OV etevil gall wean) SOAs 15.67 
OnE Ase ES So +o.26 E5332 OWEN coi EkOoete) +0.43 15.67 
OnEsOe a) E5207 +0.29 15.38 OFAOVnee |e tORLO +0.43 15.67 
OntA Tec 15073 +0.31 15.42 ©.418...| 16.09 +0.43 15.66 
Onesoa. kG. 70 +0.33 15.46 ©.430...] 16.09 +0.43 15.06 
hy iy (oa cl|| RAED +0.34 E5250 O-4ATye|) £OLOS +0.42 15.66 
S)n died Se ol | amet +0.36 TSe5k OnA5 2ap |e ORO: +0.42 15.64 
Garo -rea £G VOL +0.37 I5.54 0.464...) 16.01 +0.40 E500 
©.204...| 15.94" | -+-0.38 E5-50 ||| 0,475.3) 15.93 || 10.38 15.55 
ore a) Bazeste || Sae.ets WTO) WW ORAon || wary || apOues! 15-44 
Or220n 4.) LOsOL +o.40 15.61 oye Cvfaa all wcpacste) +o0.24 115 8) 
One ayes £0.03 +0.41 15.62 Ons OQane | eis 22 Oriel I5.11 
O,240.-.) FOL04 +0.41 15.63 On520mve) a GmO0 01.02 15.04 
OAT aal)  BXoisele, =-0.42 15.64 Op Sata ealat4200 —0.04 I5.00 


are all sensibly the same as for the isolated cluster-type variables 
of the galactic system. The quantitative agreement of these dis- 
tant stars with the local variables in phenomena of color is also 
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important and favorable evidence of the accuracy of the photo- 
visual and photographic magnitude scales relative to each other, 
and of the absence of light-scattering in space. 


III. ON THE RELATION OF COLOR TO PERIOD FOR CLUSTER-TYPE 
VARIABLES 

In the third and fourth sections of the sixth paper of this series* 
attention has been called to certain properties of the different kinds 
of cluster-type variables. In w Centauri, for instance, the three 
subclasses defined by Bailey differ from each other in the form and 
amplitude of the mean light-curve, and most clearly in length of 
period. In Messier 3 and Messier 5, where nearly all variables are 
of the most typical kind, a second subclass is only sparingly repre- 
sented, but in Messier 15 the variables fall into two nearly equal 
groups. It appears definitely that the median intrinsic luminosity 
in all subclasses is photographically the same—an important phe- 
nomenon that a full interpretation of these variables must explain. 

The differences in period of the subclasses naturally suggest corre- 
sponding differences in the effective density; or it may be that the 
character of the underlying pulsation differs somewhat in the various 
groups. On the basis of the first alternative, if the mean densities 
increase with shortening periods? while the photographic magnitudes 
do not change, we must expect the change in the surface area to be 
compensated by greater intensity of radiation per unit of surface, 
and investigations of the color phenomena for the different sub- 
classes should afford a partial test. 

In Messier 15 the faintness of the variables makes a detailed 
study of individual color-curves inadvisable at present, and accord- 
ingly the method used in the preceding note is employed to obtain 
composite color-curves for the two groups of variables. Professor 
Bailey has kindly communicated, especially for the present investi- 
gation, the preliminary results of his study of the periods and light- 
curves of the 53 variables in this cluster.4 One or two have periods 

t Mt. Wilson Contr., No. 151, 1917. 2 See sec. I of this Contribution. 


3w Centauri is too far south for detailed color investigations at Mount Wilson. 
Color-curves are being derived for the variables of Messier 5. 


4A preliminary report on his work is abstracted in Popular Astronomy, 25, 520, 
IQI7. 
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longer than a day, for several the periods have not yet been found, 
and for others accurate photometric measures are not possible. 


TABLE IV 


Composite CoLOR-CURVES OF VARIABLES IN MESSIER 15 


PLATES 4284-4285 PLATES 3986-3987 
VARIABLE Ar Coie i ; 
PMastitede’ | Color-Index | Protosraphic | violet-Index 
NR, tae ee 0466 16.13 +oMs1 16.21 —oMto 
Fetes. crete tv °.30 16.18 +0.44 I5.90 +0.03 
Ae Are at oe 0.31 Toney, +0.44 15.85 =O, 12 
Ri eee pet ae 0.38 15.90 +o.16 16.43 —©).20 
Rarer coi) Seen 0.67 16.13 0.30 (6) ,508 +0.05 
fey ES Te 0.35 TOs27 +0.50 15.99 —o.16 
Oise weeisent, awk 0.65 15.42 +0.06 16.03 —90.01 
OM Sires Seer On72 15.49 +0.08 16.36 =O" LO 
TOs few rsnetery s8 °.40 16.27 =+-0..42 TO, 32 —0.12 
DE aera sees rls, = 0.34 16.18 Ones 16.03 —=O,07, 
BD oper chee scaire nh 0.59 T6.22 +0. 28 16.34 —0.14 
1G Ae ey eee 0.57 16.38 +0. 36 16.42 —0.02 
RAN ee tee 0.38 16.10 +0.35 16.08 —0.20 
Er crs ee: 0.58 16.13 +0.19 16.26 —O7 24) 
TOS swiss sat 0.67 Eek —0.20 15.85 —0o.10 
Ue tes ees Oe 0.37 I5.49 —o.16 I5.90 —0.07 
COVER crimes or O57 16.47 +0.65 TOSA7™ Millncahenkseee tree 
20a See 0.69? 15.98 Onas 16.03 0); 1100) 
DO ats eis ees 0272 15.98 +0.26 D552 -Omma 
1 VES Ee ATE 0.67 16.13 +0.36 BLOCH GN eallatetai Gly ses a A 
BATS tie fire ate soe 0237, 16.52 +0.68 15.78 +0.02 
DR A en A 0.67 OR +0.33 16.42 —o.16 
Pa Mer ao meirtes ©.40 16.18 +0.26 LOLB 7p Vile oom eee 
ZO Gale sha 0.57 16.10 +0.30 TON 7 Onna 
3 Orne sneer ee ©.41 15.56 —0.09 16.03 —0.02 
RL Fsteeee oe se: 0.44 15.90 +0.19 TOSS: Waa eevee 
3D shee yecctee 0.61 16.13 -+-0.31 Toa7s —o0.08 
RG or iecereuenc re Ses 0.38 I5.90 +0.19 16.44 —0.28 
Cehars ne ARO G 0.38 Tsa53 —0. 23 16.44 —0.20 
SOc tiles 0.39 16.06 Oma 15.85 FO), 1K9) 
BOP otsre sc0 2 0.38 16.10 Ones I5.90 +0.02 
A Tait vsns cletese 0.42? 16.27 +0.56 16.03 —0.01 
TIE a Sanne 0.36 15.49 —o.18 16.32 —0.27 
7 ess es Seo OZone 15.66 —0.05 15.96 —0.03 
7. 7 Oe © ere °.60 Tee +0.08 16.35 —o.19 
eG yaieeler/al sy auzieys + 0.66 16.30 +0.54 15.96 —0.08 
AS atcha tts tore a 0.38 15.56 —0, 16 15.82 0.00 
OPA CIN cee 0.30 TO.22 +o. 28 16.43 —0O.17 
fo Brae Ae 0.42 16.30 +0.36 16.22 —0o.06 


The 39 variables with periods less than a day, for which photo- 
visual and photographic magnitudes have been obtained from a 
pair of plates made on December 19, 1917, are listed in Table IV. 
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As a preliminary to the derivation of the magnitudes and colors 
of the third and fourth columns, it was necessary to study the 
comparison stars by means of a series of polar comparisons. At the 
same time colors were determined for a considerable number of 
other stars in the cluster. Since the discussion of magnitudes fol- 
lows the customary lines, all details may be omitted from this note. 

The color-index of each variable is plotted against photographic 
magnitude in the upper part of Fig. 5, the dots indicating variables 
with periods between 0257 and 0471 and the crosses indicating those 


Photographic magnitude 
15.6 15.8 16.0 16.2 16.4 


VA 


° 


+ + 
° 


Color-index 
Pg. oe Pv. 


V.—Pg. 


Violet-index 


Fic. 5.—Composite color-curves of cluster-type variable stars in Messier 15; 
the dots refer to the longer-period subclass, crosses to the shorter-period subclass, 
and open circles to means of six values. 


with periods between of29 and of44. As in the preceding note, all 
dots may be interpreted as representing different observations on 
a single mean variable of period about 0764, and the crosses as rep- 
resenting different observations on a typical variable in the second 
group, with mean period of about 0436. The usual absolute values 
of the color and the usual increase of redness with decreasing bright- 
ness are shown by the observations; but no material difference 
appears in color for the two groups, except, perhaps, near maximum, 
where there is a suggestion that the stars with longer period are 
redder.* 

The test for difference in color has been carried into the region 
of shorter wave-lengths by a pair of plates made September 11, 1917, 

* This would be in keeping with results for Cepheids with periods longer than 


a day. Cf. Fig. 1. 
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in which, as a companion to an ordinary photographic plate, a 
photograph was made on a Seed 27 plate through a violet-color 
screen that transmits very little to the red of \ 4ooo and has a 
maximum transmission at about \ 3700. The results are tabulated 
in the last two columns of Table IV and plotted in the lower part 


TABLE V 


RELATION OF VIOLET-INDEX TO CoLoR-INDEX FoR GIANT 
STARS IN MESSIER 15 


on Photographic Color-Index Violet-Index 
Magnitude (Pg.—Pv.) (V.—Pg.) 

A AMES Se 14.14 +1M32 +070 
[teva ntaae 14.51 +0.79 +0.15 
Cs Sera 14.58 pisos, +0.42 
cl Pe trae es 14.81 +1.18 Ons 
Cre Nee ae 14.76 +1.06 +0.46 
eer 14.98 +1.04 +o.14 
ae AS ae I5.01 0.75 Ours 
| PRS, ae I +0.93 +0. 28 
stoner? 15.40 +o.70 +o.16 

i Recast AN eee 15.68 +0.68 —0.03 
Mo ease: 15.907 +0. 20 +o.o1 
ore Ferg Bae 16.02 +o.21 0.00 

OS See 16.10 +o.18 —OnO5 
es ce IES 16.60 +0.66 —0o.06 
Kio ete ce letters 16.05 +0.64 0.00 
Vesa ac 14.51 =\-tn23 +0.55 
Se E5207, +o0.08 —0.09 
LOO stricta 14.17 +1.40 +o0.78 
TOS Oona roteatc cers 13.09 +0.45 +0.36 
TOMS teh haa Sete 4nd +0.61 +0.36 
LOS purer te eis ok 12.81 +0.61 +0.34 
PREST OO see eps meyers I4.17 + 1.15 +0.63 
ORC ai tk ue oe 14.51 1.14 +0.46 
TOO eres oe ns 14.69 “-1.28 101530 
LEO peyote cee 14.18 +1.40 +0.65 
OSspereiites see I4.15 —+-1.41 +0.97 
DAO SIN og Moeaeet 14.23 +1.52 +o.82 
DL 3 iraraiin s tbayela es 14.15 +o.60 +o0.o1 
EMG Neopet ets I4.10 =-1.20 +0.87 
TG Gayla l.re seas deuce 14.42 +1.66 +0.65 
1 fe ra in AO 14.55 —0.37 —0.43 
BOUIN GNI sooth ae 16.08 +0.46 +o0.04 
D2 Detonator a is 16.00 0.27 —0.02 


of Fig. 5, dots and crosses being used as before and open circles indi- 
cating means of six values taken in order of photographic magnitude. 

A full consideration of the decrease of violet-index, V.—Pg., 
with decreasing photographic brightness, which indicates a smaller 
range in violet magnitude than in photographic, must be deferred 
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until more definite information is at hand relative to the scale of 
violet magnitudes. As it now stands the violet-index for these 
cluster-type variables decreases as color-index increases—a result 
quite the contrary of the relation of the two indices shown in Table V 
for a number of typical invariable giant stars in this same cluster. 


SUMMARY 


t. The redder a Cepheid variable the greater is its intrinsic 
luminosity; a nearly linear relation connects absolute magnitude 
and color-index. 

2. The general characteristics of the luminosity-period curve of 
Cepheid variation (Fig. 1) appear to have a reasonable explanation 
on the pulsation hypothesis. 

3. For giant stars in at least four globular clusters the decrease 
of brightness with decreasing color-index parallels the same phe- 
nomenon for Cepheids. When median brightness and color are 
considered, the variables of a given absolute brightness are nearly 
four-tenths of a magnitude bluer than other giant stars (Fig. 2). 

4. The composite color-curve of more than too cluster-type 
variables has been determined from two pairs of photographs of 
Messier 3 (Fig. 4). 

5. In range of variation, form of light-curve, and phenomena of 
color, the variables of a globular cluster apparently are exactly com- 
parable with the average isolated cluster-type variable (Fig. 3). 
No evidence has been found that in different stellar systems 
Cepheids differ systematically either in median luminosity or in 
nature of variation. 

6. In Messier 15 two subclasses of cluster-type variables which 
have distinctly dissimilar mean periods show neither a difference 
in median photographic magnitude nor a difference in color at the 
median magnitude. At maximum, stars with shortest periods may 
be slightly bluer. 

7. Preliminary violet magnitudes of cluster-type variables indi- 
cate a smaller amplitude than in photographic light; for the giant 
invariable stars of clusters the violet-index, V.—Pg., increases with 
color-index and hence with increasing photo-visual brightness. 

Mount WILson SoLaR OBSERVATORY 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


TENTH PAPER: A CRITICAL MAGNITUDE IN THE SEQUENCE 
OF STELLAR LUMINOSITIES 


By HARLOW SHAPLEY 


The investigations reported in the preceding Contributions point 
to the close equality of the median apparent magnitudes of cluster- 
type variables as a significant phenomenon in Cepheid variation. 
The absolute brightness corresponding to this median value marks 
the limit fainter than which variability of the Cepheid type evi- 
dently does not occur. The discussion in the present paper tends 
to show that the same absolute magnitude, or one nearly the same, 
also marks a critical point in the dynamical history of stars in gen- 
eral. The result might have been anticipated, for the concentra- 
tion of the median luminosities of cluster-type variables to a very 
narrow interval would require a similar concentration for other stars 
of like mass and color, if Cepheid variation is regarded as accidental 
rather than inevitable in a star’s development. We must keep in 
mind, however, the possibility that the variation itself might oper- 
ate to hold a star indefinitely long at the critical magnitude. 

From an unpublished study of Messier 3 (N.G.C. 5272) the fre- 
quency of photo-visual magnitudes for various classes of colors is 
given in Table I. The catalogue from which this table was con- 
structed is based upon about ten thousand measures of magnitude. 
Much care has been taken to avoid errors, and the results are 
believed to be dependable, both as to actual colors and as to rela- 
tive frequencies. Only stars between 2’ and 11’ from the center of 
the cluster and brighter than the seventeenth photo-visual magni- 
tude are included in Table IJ. All known variables are omitted, as 
well as stars with doubtful colors or magnitudes. The general dis- 
cussion of the table we reserve for the paper on Messier 3, using 
for the present investigation only the relation of star numbers to 
magnitude. 
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Plotting the data of the last column, we obtain, as in the upper 
part of Fig. 1, the luminosity-curve for all colors, which shows a 
conspicuous, sharp maxinfum at photo-visual magnitude 15.50. 
This combines the luminosity-curve of the reddish giants with an 
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Fic. 1.—Frequency of photo-visual magnitudes in Messier 3. Above: All colors. 
Below: Full line, color-index 2 ++o.60; broken line, color-index < +0.60. 


abnormal or at least irregular luminosity-curve of the bluer stars. 
In the lower half of Fig. 1 the two are given separately. The 
curve for the redder giants is as smooth and complete as could be 
expected for a small group of giant stars.t The other, though 
otherwise a regular curve for which the fainter limit is set by the 

« Actually this curve is also a composite of several distinct luminosity-curves, as 
may be inferred from the columns of Table I. 
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limit of the catalogue, shows a remarkable gathering of stars 
between magnitudes 15.20 and 15.60. A smooth curve would 
allow less then 15 stars to this interval; the actual number is 83, 
exclusive of known variable stars. 

The median photo-visual magnitude of the variables has not 
been directly determined, but it is known’ to lie between 15.25 
and 15.35. Therefore, if all the known variables within the 
measured area were included, with median values of their magni- 
tudes and colors, the excess of stars between 15.20 and 15.60 would 
be about 1200 per cent. 

The observed luminosity-curve for the blue stars is not of the 
regular form originally expected and most readily explained. Ii, 
with the variables excluded, a smoothly increasing curve had 
resulted, we would have assumed that the variables are peculiar 
stars intermingled with a normal aggregation. On the other hand, 
if a smoothly increasing curve resulted only when all the variables 
were included at their median, maximum, or minimum brightness, 
we would have assumed that the variables are normal stars under- 
going a stage in stellar evolution that is common to nearly all stars 
with sufficient mass to attain this critical luminosity. The actual 
condition, however, is accounted for less easily. 

A question naturally arises concerning the constancy of the light 
of the stars that form the excess over the number required for a 
smooth luminosity-curve. In the area covered by the manuscript 
catalogue of stars in Messier 3 there are about 100 typical cluster- 
type variables—all nearly identical in every known characteristic;? 
and there are about 70 of these additional stars, which, though 
closely resembling the variables in magnitude and color, do not in 
a single case appear to undergo a definite variation of light. Are 
they incipient variables, or stars in which a variation once existed 
but is now disappearing or has completely vanished? Or, through 
the fortunes of position and motion, have they avoided the cause 
of variation or, by relatively slight differences in physical structure, 
have they been able to withstand it ? 


«See Figs. 3 and 4 in the second part of the preceding Contribution. 


Except, of course, in distance from the center, and possibly, therefore, in space 
velocity. 


182 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 5 


The stars in question may be readily selected from the cata- 
logue, and a future detailed study of their magnitudes may help to 
solve a problem which is of’much significance in the full interpreta- 
tion of Cepheid variation, and which may be of some importance 
in getting at the internal structure of a star. Meanwhile we have 
an indication of the possible result through the following tabulation 
of the means of the photographic residuals: 


Photo-visual magnitude 15.20 to 15.60: 
Color-index 0.00 to +0.20, Mean Pg. residual 0.103 (33 stars) 
Color-index +o .20 to +0.40, Mean Pg. residual 0.083 (19 stars) 
Color-index +-o.40 to +0.60, Mean Pg. residual +0.071 (37 stars) 
All magnitudes and colors, Mean Pg. residual +0 .082 (800 stars) 


The interval of brightness near median magnitude is the most com- 
fortable of all for measurement, being neither too bright nor too 
faint, and the accidental errors should be less than for the average. 
The mean residual for all stars includes a considerable number of 
values referring to objects which later were rejected because of 
uncertainty; therefore this mean is slightly greater than it should 
be for a fair comparison. 

It is evident then that the 33 stars most nearly like the variables 
in median magnitude and color are subject to uncommonly large 
magnitude deviations. Moreover, one or two uncertain results are 
not responsible for the large average residual, as one-half of the 
deviations exceed 0.10. While awaiting further study our pro- 
visional conclusions are that Cepheid variation affects some of 
these stars to some extent, and that it may be possible to witness 
the beginning or end of this type of phenomenon. [If so, the initial 
and final stages must be short compared with the whole duration 
of mature variability, for of all the variables in this cluster none 
is yet known to have an intermediate amplitude or period.’ 

Since the mean photographic median magnitude is definitely 
known from Bailey’s extensive studies, we shall be able to examine 

t The residuals will appear in the forthcoming catalogue of Messier 3. The mag- 
nitude of each star is the mean of from two to six determinations. 

2 Cf. sec. IV of the sixth paper. Variable No. 37 belongs to a distinctly different 
subtype. 
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more closely the relationship of the variables to these 33 stars if we 
put the frequency analysis on a photographic basis. Rearranging 
the data of Table I and plotting the numbers for color-class ao-as5, 
we obtain the photographic luminosity-curve given in Fig. 2a. 
The maximum frequency corresponds to a brightness fainter than 
the median, 15.50, by less than a tenth of a magnitude. 

A similar investigation of the photographic luminosity-curve for 
Messier 13—the only other globular cluster for which extensive color 


Photographic magnitude 
oY es ae a SS 


\ 


Photographic magnitude 
Meno sm ed5e 5O TS Sel OP OCOmmmEL Ona 


x 
e 
a ol 
ane 6 
Ma S 
Ss a 
% E 
E Z 
E4 
a 
) 
Fic. 20.—Photographic luminosity-curve Fic. 2b.— Photographic luminosity-curve 
of blue stars in Messier 3. of blue stars in Messier 13. 


data are available’—results in the curve (Table II) illustrated in 
Fig. 2b, showing a similarly close coincidence of maximum frequency 
and median magnitude (15.03). 

In Messier 13 the few faint variable stars have not been thor- 
oughly studied, and it is necessary to obtain-a hypothetical median 
magnitude by adding 1.28 to the mean magnitude of the 25 bright- 
est stars.?_ And also, since the number of stars of color-class a is 

* Mt. Wilson Contr., No. 116, p. 51, 1915. Instead of photographic, as erroneously 
printed, the limits of magnitude in this table should read photo-visual. The change 
to the photographic system for the present curve is made with sufficient accuracy by 


assuming mean colors and magnitudes for each tabulated interval. For Messier Oe 
however, the transformation was carried out rigorously. 


? See sec. V of the sixth paper and Table II of the seventh paper. 
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not large, the interval of color is extended in both directions, thus 
including numerous stars with negative color-indices. In fact, the 
maximum is chiefly due to stars with color-class b7 to aa—a com- 
paratively infrequent type’ in Messier 3. 


TABLE II 


FREQUENCY IN MESSIER 13 OF THE PHOTOGRAPHIC MAGNITUDES OF HIGH 
Luminosity BLUE STARS 


Spiga rte bo to bs bs to ao ao to a5 as to fo fo to fs Sas 
PORTO SPMUOOS dere ee Fey = 97 ravesreystater crane |rote ea drach panes: tat aatecny apeantl aeeaem eeu I 
Oo Ee ay cots es a Sara Kec aeee er coollieicarinn ine gem N De Riera ti ae I 
Vi og ho pet Ab 0S SIRs Oe Irn Si Siempre eran eenrmerneed (Patria michal ern Gc 3 I I 
BS AUC tinsel tera ceca as Lore acllbtey ae toc ats. cic l/lzeyas ones abs cy ahr acebeanel Rear eae ye fo) 
ESO OG cetacean eet athe | cas eet eceie | orem etter ae seers meereneee ee ° 
CMe OUD cae as yal | nha oe. eee erie Pennines aor Um: oan 3 
Bye ge Wo Cy Sl bata one enn ce eaecr pal enema (ncn aes Rrnciceccce ° 
EA LOmE m2 erence aes 2 ee levees eal eee gerenetees Oe renee nes 2 
SO FeAO Sainte ol oan A I i, eee ee 8 6 8 
BOs OO e1 cick s| ccs essctis-2 GUAT ensiome one Tl on eayr ve ensaae I 2: 
MO OO ator ts ne = sacee 5 6 Yow Mel ear actetine tc 18 
pe Oned KO 970 arg area Be) 24 3 2 3 42 
ER EPO— WoO oa iat 4 2 Ole tle dente stevens I 35 
30-7 AO nema he I Il 7 3 2 24 
Ome POO MET ae tales cy tees 5 6 5 3 19 
Om SOO Maa reel  cotesesee voit) eceeags ee 8 3 4 12 19 

| 


The luminosity-curves of Figs. 2 render probable the hypothesis 
that the median magnitude is an epochal point in the luminosity 
of a cluster star whether or not its light is periodically variable. 
As a partial and provisional interpretation of the congestion of blue 
stars at this magnitude, we may refer to the luminosity-period curve 
of Cepheid variation and in particular to the constancy of absolute 
magnitude for all periods less than a day. If we adopt the theory 
of pulsations for these variables, it is clear that a closely analogous 
curve would connect luminosity with mean density, and accord- 
ingly a progression through the whole range of densities possessed 
by cluster-type variables would demand no change in median bright- 
ness. Now, if a more or less uniform progression of density with 
time is a property of all stellar evolution (a natural and almost 
necessary assumption, if stars are either contracting or expanding), 

1 The small difference in the mean color at the maxima of the two curves is prob- 
ably larger than the combined zero-point errors in the two color scales. 
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there may come an era in the history of every massive star when 
no change of magnitude will occur throughout a long interval of 
time, although the variation of the mean density is making con- 
spicuous progress. Such a condition will result in a maximum in 
the frequency-curve of luminosity, while it would produce no irregu- 
larity in a graph of the frequency of density.'. Therefore, the per- 
fect counterbalance, at the median magnitude of cluster-type 
variables, of decreasing surface area with increasing intensity of 
light-emission, which can account for the flattening out of the 
luminosity-period curve, may explain at the same time the accumu- 
lation of invariable stars about this critical point.’ 

Assuming, however, on the basis of the theoretical studies of 
Eddington and Jeans, that the brightness of a giant star is inde- 
pendent of the density and is essentially a simple function of the 
mass, then the congestion of stars at the median magnitude would 
indicate a sharp maximum in the frequency of stellar masses. Such 
an assumption suggests interesting and unexpected consequences in 
the interpretation of the luminosity-period curve’ and in the study 
of the relative ages of stellar systems. 

Of the two clusters discussed above, one is unusually rich in 
typical cluster-type variables but poor in b-class stars of the median 
magnitude; the other is poor in variables but remarkably rich in 
the number of stars of the median magnitude with negative color- 
indices. There may be much significance in this compensatory 
difference, but our material is still too scanty to warrant further 

*In the third note of the preceding paper we find in Messier 15 neither a change 
of color nor an appreciable difference in magnitude for the two groups of variable 
stars which differ decidedly in period and presumably in mean density. The mean 
periods are about three and five-eighths of a day, respectively, and the mean densities 
must differ in the ratio of three to one unless two different classes of vibration are 
involved. How such a change in the effective density could occur (with its supposedly 
necessary change in surface area) without a distinct alteration either in the total 


light-emission or in the median color is not obvious. A detailed study of the two 
groups of variables in red or violet light may supply the answer. 

* There are large numbers of fainter blue stars in both Messier 3 and Messier 1 e. 
as is shown by Table I of this paper and by Tables XXI, XXIV, and XXV of the 
second paper, Mt. Wilson Contr., No. 116. One is reminded of the differences in mean 


absolute magnitude found by Kapteyn and Charlier for various groups of galactic 
B-type stars. 


3 See the first note of the preceding Contribution. 
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hypothesis. Future work must also decide to what extent the 
cluster phenomena may be modified in their translation to the 
general stellar system. 

Meanwhile, through investigations of composite luminosity- 
curves for other clusters, we may look into the generality of the 
maximum at the median magnitude. Lacking color-indices, we 
have not the power to determine quantitatively the influence of the 
giant red stars on the composite curves, but we shall be able to 
extend the work to fainter magnitudes and to learn something of 
the relative importance of this maximum frequency near absolute 
magnitude zero.* 

A summary of the photographic magnitudes in four clusters 
appears in Table III. Messier 13, which affords a good example of 
a cluster with few variables, has been remeasured for this table 


TABLE III 
FREQUENCY OF THE MAGNITUDES OF 4015 STARS IN FouR CLUSTERS 

Corrected Scale Reading Messier 2 Messier 5 Messier 13 Messier 15 
SOR oe gre OT Oe aE 2 I I 7 
TOMS reece eee ene ois ° fe) 2 nD) 
18 OTS AO eet ee I ° 6 ey) 
rE Le Na us SOE 2 2 te 39 
ED SIG aha «arouses we eoeerors als Sp suche 6 Io 21 62 
EA SE. hovsitnrs oun aici ace ac aterstakous 19 26 41 100 
TES AG rperter oat to Sete reine ieersdans 46 45 51 I51 
HOG Norte theo Seen ie fete 76 79 59 148 
EOS enone fer aio sek Law sth 95 109g 53 161 
HO SN Fae Re ona ts. Sees 94 126 62 148 
HOP Nocera ee oon acer 84 IIo 69 161 
AOE a earn, alae OR ee ae? 79 89 O07 186 
ERAN ie wa ein ts ne 92 79 147 212 
EIR Eolas fesah dO ea itch yesssewo eos 122 (ere) 228 266 

Oval mPa sae riot eke 719 766 850 1680 

: Scale tase nc 172 17.7 TA 15.4 
Median PS-\ Mag BREE oa 15.90 15.26 TisOg TE (Oe 
Number of variables included 5 70 3 50 


because the data of Table II are too incomplete for the fainter stars. 
For none of the four systems do the measures extend over the whole 
photographic plate, the condensed central regions, for instance, 
* The.adopted absolute value of the photographic median magnitude is —o. 23; 
cf. sec. IV of the sixth paper. 
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being necessarily avoided. Over large representative areas, how- 
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Fic. 3.—Photographic luminosity-curves of 
stars of all colors in four globular clusters, illus- 
trating the maximum frequency near zero abso- 
lute magnitude. The median magnitude for each 
cluster is indicated by the heavy vertical line. 
The number of stars measured in different clusters 
(ordinates) is not proportional to the total number 
in the cluster. 
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ever, all stars are included 
so that correct relative 
frequencies are obtained. 
Care has been taken that 
peculiarities which might 
be associated with galac- 
tic planes should not 
unduly prejudice the re- 
sults. After correcting 
for distance from the 
center and irregularities 
of the measuring scale, 
the measures are retained 
in the original scale read- 
ings, the exact evaluation 
for fainter stars being 
impossible from the pres- 
ent material. Except for 
a possible divergence near 
the ends of the scale, the 
average value of an in- 
terval is one-third of a 
magnitude. 

Ll bewreilia tine 
luminosity-curves are 
plotted in Fig. 3, each 
adjusted so that the 
median magnitude is on 
the’ same vertical line. 
For both Messier 2 and 13 
the median photographic 
brightness is the hypo- 
thetical value based on 
the brighter stars. The 
sharpness of all the 
maxima has probably 
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been somewhat lessened through the process of smoothing out scale 
irregularities. 

In comparing these maxima with the median magnitude it 
should be remembered that the latter is subject to some uncertainty 
of measurement and the former to a displacement of unknown 
amount and direction through the inclusion of the giant red stars. 
The possible effect of the superposition of the luminosity-curves of 
the red giants is illustrated in the curve of Fig. 4, where, for Mes- 
sier 3, the total numbers of Table I are plotted, after transforming 
them to the photographic system. This curve should be compared 
with that of Fig. 2a. 


Magnitude 
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Fic. 4.—Photographic luminosity-curve of stars of all colors in Messier 3. 
Excluding variable stars we have the broken line with circles. 


From the evidence of this series of diagrams there can be little 
doubt that in all these clusters we have a concentration of the mag- 
nitudes of high-luminosity blue stars about the median magnitude 
of cluster-type variables. 


SUMMARY 


The absolute photographic magnitude —o.2 defines a limit of 
stellar luminosity at which the liability to Cepheid variation sud- 
denly stops. All known variables of the class appear to surpass 
this limiting brightness, which is probably coincident with a 
turning-point in the development of the internal structure of a star. 
Whether or not analogous dynamical changes occur, regardless of 
variability, at the same epoch in the evolution of luminosity for all 
giant stars, has been discussed for several globular clusters with the 
aid of luminosity-curves derived from the magnitudes of 5000 stars. 
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For a graphical representation of the results reference may be made 
to the figures on the foregoing pages. 

Table I affords the complete luminosity-curves for all giant stars 
in Messier 3 redder than color-class go. Confirming earlier work, 
the final results for this cluster show that the highly luminous stars 
are red, that the fainter ones are blue. The infrequence of cluster- 
type variables in the Hercules cluster (Messier 13) is compensated 
for by the richness of extremely blue stars at the median magnitude. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


ELEVENTH PAPER: A COMPARISON OF THE DISTANCES OF 
VARIOUS CELESTIAL OBJECTS 


By HARLOW SHAPLEY 


The bearing that parallaxes of clusters and variable stars may 
have on the general structural problems of the sidereal system is 
well illustrated through a tabulation and diagrammatic representa- 
tion of the distances of various remote celestial objects. Part of the 
data compared has been obtained directly or indirectly from the 
statistical investigations of Kapteyn, Charlier, and Dyson, and from 
recent trigonometric parallaxes, mainly by van Maanen, but the 
greater part is from the observations discussed or summarized in the 
preceding contributions or from similar work that will be reported 
more fully at another time. 

Table I summarizes the distances illustrated in Fig. 1. On the 
scale of the diagram objects as near as the Hyades or the brighter 
naked-eye stars can be shown only with difficulty, even when the 
lines representing distances of clusters are folded many times. The 
accuracy of the values in the second column of the table differs con- 
siderably, and for only a few, which are averages for many objects, 
is there any meaning in the third significant figure. For some of 
the results the relative certainty is indicated in the last column, 
but for most of them reference must be made to the brief discussion 
of the individual entries to which the remainder of this paper is 
devoted. Special attention may be called to Section J, which con- 
tains a brief discussion of pre-giant stars and the variables of the 
Orion nebula. 

A, 1. The most distant globular cluster —The four most distant 
clusters now known are N.G.C. 7006, 4147, 6266, and 6316; the 
adopted parallaxes in millionths of a second are 15, 19, 19, and 20, 
respectively, corresponding in the mean to a distance of 55,000 
parsecs (180,000 light-years). For N.G.C. 4147 the adopted value 
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depends upon measures of both magnitudes and diameter, for the 
others on diameter alone; but subsequent to the preparation of 


TABLE I 


CoMPARISON OF THE DISTANCES OF VARIOUS STARS, CLUSTERS, AND NEBULAE 


Distance 
Object (Unit is 100 Remarks 
parsecs) 
A. Globular clusters: 
1. Most distant cluster........ 670 N.G.C. 7006 
2. Diameter of typical system. . Tes Messier 3 
3 Nearest clustenar meni ae 65 » Centauri 
4. MeanidistanCe qncaie tenis 230 69 clusters 
cae Wile pateahvhoay Je Cita) (ee, 8 yc he 500 N.G.C. 4147 
(EIN Gbabtrabioe, JCI |e cine os 13 N.G.C. 6656 (M 22) 
B. Distance covered in a million 
years by constant velocity of 
TU SOuKTiy SCCHea a ere 12 
C. Cepheid variables: 
PaPViost.distanteman wy rere 60 Three stars 
2. Maximum R sin 8, periods 
lesssthamvardaycetenenuaaal- i 29.3 Mean of five 
3. Mean R sin 8, periods less 
thaniandayaee eerer en eres 9.63 45 variables 
4. Mean R sin 8, periods greater 
thantacla vacate eens 1.48 94 variables 
D. Eclipsing binaries: 
Ter Viostedistants ements 31 Mean of five 
pay Meanydistaln cesar eyecare 7.6 go variables 
E. Galactic clouds near Messier 11 50 Four fields 
BF Messier37 ccs tee he cee ee 40 Preliminary estimate 
G. Small Magellanic Cloud: 
1. Radial distance............ 190 Provisional values from variable 
2. Approximate diameter...... 15 stars 
2 UU ICISINNG aot ne ent kee oe 130 
H. Three galactic novae.......... Tat Direct measures 
I. Nebulae (van Maanen): 
TL WOrSpitalSmpanani eter 2 Direct measures with 60-inch 
2. bhree planetaries asa... s22 4. Onn reflector 
J. Orion nebula (Kapteyn)....... 1.9 Mt. Wilson Contr., No. 147 
K. Hyades (Boss, Kapteyn)...... 0.4 
L. Most distant naked-eye star. . . ie) 
M. B-type stars (Charlier): 
Tee Vlostidlista lit ani nme eee 8.5 Mean of five 
2. Dispersion in galactic plane. 1.8 751 stars 
3. Diameter of system........ 10.0 Including 95 per cent of stars 
N. Distance of sun from center: 
t. Of system of globular clusters] 200 69 clusters 
2. Of system of B-type stars... 0.9 751 stars of Charlier’s cluster 
O. Width of equatorial segment. . . BG Arbitrarily chosen; see note 1, p.5 


the seventh paper the parallax of N.G.C. 7006 has been studied by 
means of the magnitudes of the brightest stars (p. 14, n. 1, of 
seventh paper), and for the present, at least, its distance seems 


192 


Q hI 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 3 


definitely to be the greatest known. Further work on the colors 
and magnitudes, to test if this remote system is actually comparable 
to the nearer globular clusters, is described in the following para- 


graphs. Parsecs 


° 4000 8000 12000 


- Globular clusters eee 
rt. Most distant cluster - 


2. Diameter of Messier 3 eae 


3. Nearest cluster 


pir acus eet eee 
; : _ SSeS) 
5. Maximum distance from ot eon SS 
tic plane (Max. Rsin 8) 


6. Minimum RsinB ee aS SS | 


. Distance covered in a million CS eee 
years by constant velocity of 
1180 km/sec. 


. Cepheid variables: 


rt. Most distant 
2. Max. Rsin§B (Per. < 14) 
3. Mean RsinB (Per. < 14) 
4. Mean Rsin§ (Per. > 14) 
. Eclipsing binaries: 
1. Most distant 
2. Mean distance 
Galactic clouds near Messier 11 


. Messier 37 
. Small Magellanic Cloud: 
1. Radial distance 
3. Distance from galactic plane 


H. Three galactic novae 


Be Aa 


. Nebulae (van Maanen): 
1. Two spirals 
2. Three planetaries 


. Orion nebula (Kapteyn) 
. Hyades (Boss, Kapteyn) 


. Most distant naked-eye star 


. B-type stars (Charlier): 
3. Diameter B-type cluster (in- 
1. Of system of globular clusters a SS SS 
2. Of system of B-type stars ( 

. Width of equatorial segment 


1. Most distant 
2. Dispersion in galactic plane 
cluding 95 per cent) 
. Distance of sun from center: 
° 13,000 26,000 39,000 
Light-years 


Fic. 1.—Comparison of distances in the galactic system 


Since in N.G.C. 7006 the stars of zero absolute magnitude are 
probably of the nineteenth apparent magnitude, it is very difficult 
to extend the investigation of photo-visual brightness to any but 
the most luminous red giants. The extremely small apparent 
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diameter also introduces difficulties of measurement and liability 
to systematic error if the central part is not carefully avoided. 

Table I contains a list of all the stars between 0/3 and 1‘o from 
the center that could be measured on a photo-visual plate of 45 
minutes exposure. Probably not more than two or three non- 
cluster stars are included. 


TABLE II 
MAGNITUDES OF THE Bricut Stars IN N.G.C. 7006 

Star Pg. Mag Pv. Mag. Star Pg. Mag. Pv. Mag 
TT Odea chart se 17.06 15.70 BIT ast aha I7.19 LOn27 
LOS ton ee D7 205 15.64 BB Nae E753 16.51 
TO ay pases Inns 16.27 20 eis aee 16.85 15.76 
PRO bythe ulsere I7.40 16.42 AO ren Nevers 17.97 16.71 
hiner acres 17.03 16.98 AT. wae cha 18.01 17.37 
PMG, res 18.01 16.79 BOG ote aeoa! 16.89 I5.90 
3c ales ey opis 17.80 16.95 BAN acteurs 17.89 16.97 
DAE Rea ae 17.89 16.86 AGS re A oe 17.76 16.76 
DOr iectatsratet ers 18.01 16.97 AO erent 17.93 16.60 
ASS ea nae cme D753 16.32 BS cab ighe Bae 17.89 16.46 
DfES Beles GaP 17.69 16.79 AOS eos 17.83 16.57 
Dosa R San era D723 B77 Clo are cee ons 18.39 7 OF 
20 Asc eem ae 160.29 15.26 Se eis eee 17.49 16.90 
30 sensreryasae 16.99 16.42 SOU ie Rese ae 17.62 16.51 
BTN hastens 17.58 16.26 BS Acne 07270 16.46 
Rea Semen TO TS 7k PALE tice Gite L720 16.19 
SBIR A aya ays chars Rey) ese DSiak SB iniisnas ated e 18.21 L7LOL 
BASES leant wate 16.87 15.45 5 Orme ncathieror 18.04 10.77 
KR ineoces BROKE 16.90 57s iene aS ave 16.99 16.45 
BO wae eateries 17.76 16.46 


The results are grouped in Table III according to photo-visual 
magnitude in order to show, as far as the data go, the typical 
decrease of color with absolute brightness. Star No. 32, being at 
some distance from the center and peculiarly blue for its magnitude, 
is probably not a member of the cluster and has been excluded from 
the table. Were it retained, the first mean magnitude would be 
13.59, with a corresponding color-index of +1.23. The table also 
contains analogous data’ for Messier 3 and 13. The frequency of 
stars of high luminosity is much the same in the three systems; 
further, the mean color-index is the same for the brighter stars and 
shows for all clusters a similar progressive decrease. Hence this 
very distant faint cluster of small angular diameter apparently 


* One bright star in Messier 13, with color-index —o.52, is excluded. 
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differs no mere in constituency and stage of development from the 
nearer systems than they differ among themselves. But as far as 
our present photometric styidy is concerned, N.G.C. 7006 is nearly 
two hundred thousand years younger than Messier 13—a significant 
phenomenon that will be considered further in the following paper. 

The evidence of Table III bearing on the question of the scat- 
tering of light in space is of considerable interest. Granting the 
physical similarity of the three clusters, we find no appreciable 
difference in color on account of the much greater distance of 


TABLE III 
CompPArIsON OF N.G.C. 7006 wiTH MESSIER 3 AND 13 
N.G.C. 7006 MESSIER 3 MESSIER 13 
Mean No. of Mean Mean No. of Mean Mean No. of Mean 
Pv. Mag.| Stars are Py. Mag. Stars ane Pv. Mag. Biers ae 
15.56. 5 “i397 | x2 59 7 beso men Lr 6 +1.31 
16.02 6 4.14} £2.90 = +1.18 | 12.47 7, +1.14 
16.41 7 = W041. 0 a +-1.6r | 12.72 5 +0.94 
HOLS Se 6 Delon iisa4s 9 he D2 econo 6 +o0.82 
16.82. 7 +0.96 | 13.70 7 +0.99 | 13.05 6 +0.92 
17.08. 7 +0.95 | (13.90 13 +0.96)| 13.14 6 +0.93 
16.46.. 38 +1.09 | 13.17.. 35 Settee || GaAs, 30 +1.02 


N.G.C. 7006. The total effect of interstellar media on the color- 
indices of stars in this most distant system apparently does not 
much exceed a tenth of a magnitude. Therefore the “absorption 
coefficient,” expressed as change of color-index for each parsec of 


distance, is 
d<0.c00002 mag., 


a value but one-fifth the upper limit found from the study of nearby 
globular clusters and a hundredth the smallest value derived from 
the paraJlaxes and colors of isolated bright stars. We note, how- 
ever, that the galactic latitude of N.G.C. 7006 is —20°, so that 
only 8 per cent of the light-path lies within the equatorial segment* 
devoid of globular clusters. If we assume that all the diminution 


The adopted width of the segment is 3500 parsecs; in Figs. 4 and 5 of the 
seventh paper the shaded area representing the mid-galactic segment is 4000 parsecs 
wide, but includes five clusters. For Messier 13 one-fourth of the light-path is within 
this region. 
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of light through scattering (if there be any at all) occurs within this 
region where stellar matter appears to be greatly concentrated, the 
value of d is still sufficiently small to be safely ignored in all ordinary 
stellar problems. 

The magnitudes of Table III can be used for a new determina- 
tion of the parallaxes of Messier 13 and N.G.C. 7006. The parallax 
of Messier 3, being one of the best determinations for any globular 
cluster, is adopted for the computation. Assuming that stars of 
the same absolute magnitude are involved in the final means for 
each cluster, we derive readily: 


NA 


Messier 3, m = (07000072) 
Messier 13, ™= 0.000089 
N.G.C. 7006, m= 0.000016 


The previously adopted parallaxes of the last two clusters are 
o”o000090 and o”oooo01s, respectively. It is to be noted that the 
present result is based upon photo-visual magnitudes, and that 
the five brightest stars of each cluster have not been excluded. The 
almost exact agreement with the former values merely shows that 
the similarity in the amount and frequency of color among the 
giant stars in clusters makes photo-visual as well as photographic 
magnitude a fairly definite criterion of distance. 

A, 2. The diameter of Messier 3—In the seventh paper of this 
series appears a discussion of the size of globular clusters. The 
occurrence of cluster stars far beyond the limits shown by the usual 
photograph has been inferred by Bailey and others from the dis- 
tribution of cluster-type variables. We have recently found, how- 
ever, that among galactic stars the variables of this type are peculiar 
in their occasionally great distance from the galactic plane, and for 
the five so far investigated the radial velocity is abnormally high. 
Is it possible that high velocity or some other cause has also scat- 
tered the short-period variables of clusters beyond the domain 
occupied by other cluster stars? To answer this question long- 
exposure photographs of the brighter systems are being made, with 
the clusters 15’ or 20’ out of center. The counts so far available 
show many faint cluster stars as far from the center as any of the 
variables. The angular diameter of Messier 15, for instance, 
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appears to be not less than 35’, corresponding to a linear diameter 
of 150 parsecs. These counts indicate, first, that the stars of the 
outer parts of clusters ma¥ be systematically fainter, smaller, and 
less massive than those close to or at moderate distances from the 
center; secondly, that the space outside the equatorial galactic 
region may be occupied not only by occasional cluster-type varia- 
bles but also by other isolated stellar bodies that possibly are 
relatively faint; for the time being, however, both suggestions 
must be regarded as tentative. 

A, 3. The nearest globular cluster—The parallax of w Centauri 
(r=0/00015) is uncertain because of the provisional nature of the 
magnitudes of the variables and bright stars. The adopted parallax 
of 47 Tucanae (N.G.C. 104) is nearly as large, but it is also lacking 
in precision, being derived from an uncertain part of the parallax- 
diameter curve. The distances of both clusters can be very accu- 
rately determined when the variables have been further studied, 
but for the present an uncertainty of some 30 per cent may affect 
the adopted values. In general the largest as well as the very 
smallest cluster parallaxes are of relatively low accuracy, depending 
completely or in part upon the extremities of the curve relating 
parallax to diameter. 

A, 5. Maximum distance from the plane of the Galaxy—Five 
globular clusters are more than 20,000 parsecs from the galactic 
plane, but the small faint cluster N.G.C. 4147 in galactic latitude 
+78° is nearly twice as remote from the dense stellar regions as the 
next most distant system. Its peculiar position in space suggests 
the possibility of peculiarity in structure and content—perhaps in 
this case the methods of determining distance may not be strictly 
applicable. The adopted parallax appears to be of the right order, 
however, as the survey of the colors of the brightest objects in the 
cluster (Table IV) indicates that we are dealing with typical giants; 
but a deficiency in the number of giant stars is indicated by this 
table, and long exposures on fast plates suggest a deficiency of faint 
stars as well. Further, Table II of the seventh paper contains evi- 
dence that the angular diameter is somewhat small for the magni- 
tude of the bright stars. 

1 Mt. Wilson Contr., No. 152, Fig. 1. 

197 


8 HARLOW SHAPLEY 


This discrepancy between the values of the parallax of N.G.C. 
4147 as based on the provisional magnitudes and on the estimates 
of diameter was considered unimportant until a verification of the 
earlier value of the mean magnitude was obtained through a recent 
study of additional plates. It now appears that the adopted paral- 
lax may be a few millionths of a second too small, and the distances 
given in the diagram and in Table I of this paper may be somewhat 
too large. Because of its high galactic latitude, however, the 
cluster will probably remain the most isolated of known systems, 
even when further work on the colors permits a definite revision 
of the parallax. 

TABLE IV 


CoLors AND MAGNITUDES OF GIANT STARS IN N.G.C. 4147 


Star Pv. Mag. Color-Index Star Pv. Mag. Color-Index 
Teter sees kt 14.66 +0.99 LSedanewe wee 15.74 +o.51 
ier na es US Gr any a DOr wees biehe is 13.59 Sh Os 
BAA one ae 15.62 +0.76 Oe he AT aha T5902 +o.41 
5 ee ten ernie 15.89 +0.08 Biden cuene ote d E5433 +0.97 
Oe eee seba sai 14.74 +1.08 BOs sleeetne da 15.95 --0. 70 

Tub Sh. yee 15.92 +o.69 2OM Nae Ryan 15.81 +-0.42 
BS aie eeaticatest 15.70 +o0.52 2 Recta deat ceepe ie 7a =O 3 
1 Pele caf abe eo 15.53 Soa710 


B. Distance traversed in a million years by maximum velocity. — 
The highest speed of translation so far recorded for any celestial 
object is 1180 km/sec.—the mean radial velocity of the spiral 
nebula N.G.C. 4594.1. The corresponding entry in Fig. 1 permits 
an easy consideration of the possible past and future relationship 
of the various sidereal bodies. The greatest radial velocity 
recorded for a globular cluster is about one-third of the foregoing 
value and for isolated stars about one-half? For discussions of 
this nature it is convenient that a velocity of a kilometer a second 
is very nearly equivalent to a velocity of a parsec in a million 
years.3 

C. Cepheid variables—The data for Cepheid variables of the 
galactic system are from Tables I and Ia of the eighth paper of this 


* Pease, Mt. Wilson Communications, No. 32; Proc. Nat. Acad. Sci., 2, 517, 1916. 


2 See Table I of the following paper. 3 More exactly it is 1.02 parsecs. 
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series. The three most distant are VX Cygni, RU Bodtis, and 
SW Herculis, the last two being cluster-type variables. The differ- 
ence in the dispersion with respect to the galactic plane is well 
illustrated by C, 3 and C, 4 for Cepheids of short and long period, 
respectively. 

The maximum R sin 6 for Cepheids with periods less than a day 
is the mean of the values for RU Bodtis, SW Herculis, 169.1907 
Leonis, RR and RU Canum Venaticorum; it is much greater than 
the adopted semi-width of the equatorial segment that is devoid 
of globular clusters. The corresponding value of maximum R sin 8B 
for periods greater than a day (excluding Z Canum Venaticorum) 
is 6.70. 

D. Eclipsing variables —With a few revisions based upon later 
orbital computations, the data for eclipsing binaries are taken from 
a paper by Russell and Shapley.‘ The five most distant variables 
are W Crucis, SS Carinae, UZ Cygni, RV Persei, and VV Cygni. 
The quantity designated as the average distance in the diagram in 
the Publications of the Astronomical Society of the Pacific for Feb- 
ruary, 1918, is the distance corresponding to the mean parallax— 
a quantity that, because of the wide range of values, is less than 
half the mean distance now computed.’ 

The parallaxes of eclipsing binaries, even of those with well- 
determined light-curves and spectra, are somewhat less accurately 
known than the parallaxes of average Cepheid variables. They 
depend upon the apparent magnitude, mass, surface-brightness, and 
radius of the brighter component of the eclipsing pairs, and in the 
evaluation of some of these quantities approximations are necessary. 
For the most favorable cases, however, the estimated error in the 
hypothetical parallaxes is not in excess of 25 per cent, and is essen- 
tially independent of the distance. 

Direct measures of the parallax of several eclipsing stars, while 
yielding results of the same order of magnitude as the probable 
errors, serve to confirm the hypothetical values. Nearly all of the 
direct determinations have been made by various observers at the 


t Astrophysical Journal, 40, 417, 1914. 


2In addition to the inclusion of more objects, the present diagram differs from 
the earlier one in several minor details. 
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Yerkes Observatory;' a summary of their results is given in 
Table V. 

On the average the hypothetical parallaxes differ from the 
trigonometric values (corrected for comparison-star parallax by 
means of the Greenwich table)? by less than the probable error of 
the direct measures; systematically they are o”002 larger than the 
trigonometric results. The mean trigonometric parallax of 8 Persei, 
using all sources, is +07034+ 07011. For 6 Aurigae, an eclipsing 
binary not on the Yerkes list, the mean value of the parallax by 


TABLE V 


< 
COMPARISON OF HYPOTHETICAL AND TRIGONOMETRIC PARALLAXES OF ECLIPSING 
BINARIES (YERKES RESULTS) 


Trigonometric Probable Hypothetical . 

Star Measured by Parallax ( Abs.) Error Parallax Difference 
B Persei....... Lee +o%o25 +o/%o14 +0%026 —o’o0o1 
W Ursae Majoris|} Lee +o.o11 0.010 +0.020 —0.009 
U Ophiuchi....| Joy —0o.008 +=0.004 +o0.006 —0.014 
Zlerculisyeee van Biesbroeck| -+0.031 +0.009* | +0.009 +0.022 
RX Herculis. ..| van Biesbroeck| —o0.006 +=0.016 +0.006 —0.012 
NEC Venta rer Mitchell +0.004 =0.010 +o.004 0.000 
MCAT se ch chci cena uence =e OuGTOSU| Mercer eee 0.0097 


e A The probable error is given as +o7o10 in the collected results, p. 57, of Yerkes Publications 4, 
art I. 


three observers is +07%034+0%015; the hypothetical value is 
+07030, and if the star is a member of the Ursa Major group its 
parallax is +07%025.3 By entering these two mean values in Table 
V the small systematic difference disappears.‘ 

As a class the eclipsing variables are too remote for direct 
measures of parallax, but the foregoing comparison for the nearer 
ones shows that the method based upon orbital data is adequate 
to locate them in space with considerable cértainty. 


* Publications of the Yerkes Observatory, 4, Part I, 1917. 


2 Dyson and Thackeray, Monthly Notices, 77, 14, 1916. The Greenwich values 
should all be decreased by ro per cent if instead of 19.5 km/sec. we adopt for the 
velocity of the sun the value given in Sec. 2 of the sixth paper. The correction is 
unimportant in the present case. 

3 Erroneously printed as +-o%o19 in Astrophysical Journal, 40, 425, 1914. 

4 Note added to proof. An overlooked parallax of u Herculis by Miller: Trig. 
(abs.) = —0%026, hyp. r=+0%005,. 
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E. Galactic clouds—The study of the colors of stars near 
Messier 11 indicates the great extent of the galactic clouds in the 
line of sight; the maximum distance so far estimated depends only 
on the limit of magnitude attainable on the photo-visual plates. 
Photographs of the field of Messier 11 are now available for the 
extension of this work to the fainter and more remote stars. It 
appears very probable, from the preliminary results, that isolated 
stars as distant as 30,000 parsecs may be found near the galactic 
plane in these southern star clouds. 

F. Messier 37 (N.G.C. 2099).—This northern object, one of the 
richest of the bright open clusters, is situated near the galactic 
plane, almost diametrically opposite the point of concentration of 
globular clusters. A catalogue, now in manuscript, of the magni- 
tudes and colors of several hundred of its stars will be published 
later as a paper of this series. 

G. Magellanic Clouds.—The adopted parallax of the Small 
Magellanic Cloud is that given in Table I of the seventh paper— 
a value undoubtedly of the right order but one which will be replaced 
by a value of much greater weight when the magnitudes of the 
variables have been referred to a standard system. The adopted 
mean angular diameter is 4°95, representing the region throughout 
which the variable stars belonging to the cloud are distributed. 
We infer from the similarity of the provisional magnitudes of the 
variables that the distance of the two Magellanic Clouds is of 
the same order, but the Larger Cloud covers more than double the 
area. 

H. Galactic novae——The three objects for which directly deter- 
mined parallaxes are available are Nova Persei No. 2, Nova 
Lacertae, and Nova Geminorum No. 2. The derivation of the 
adopted mean value of +07009 will be discussed by van Maanen 
in a forthcoming contribution. 

I. Spiral and planetary nebulae.—The direct measurement of the 
parallaxes of nebulae will be considered by van Maanen in the same 
paper. He attaches little weight to the measured results for the 
spirals because of the non-stellar character of the central nuclei. 
One of the spirals is the Great Andromeda Nebula (N.G.C. 224); 

t The fifth paper of this series, Mt. Wilson Contr., No. 133, 1917. 
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the other is Messier 51 (N.G.C. 5194). The planetaries are N.G.C. 
2392, 6720, and 7662. The adopted parallax of N.G.C. 6720, the 
ring nebula in Lyra, is the mean of the values by van Maanen and 
by Newkirk. 

J. The Orion nebula.—On the basis of his exhaustive study of 
the motions of the B-type stars, Kapteyn adopts as the parallax of 
the ‘‘nebula-group”’ in Orion: 


7 =010054+ 0” 0009. 


That the same parallax is the best available for the nebula itself 
can hardly be doubted. 

It does not seem to have been pointed out that if the numerous 
variables of the Orion nebula are a part of the nebula-group we have 
in them a remarkably large assemblage of stars of low luminosity. 
Of more than 100 stars within two or three degrees of the trape- 
zium that are supposed to be definitely variable, nearly all are 
fainter than the fourteenth photographic magnitude at maximum, 
and many never become brighter than the fifteenth magnitude. 
With a parallax of o”005 the average absolute brightness at 
maximum is only about a tenth that of the sun, and at 
minimum less than a twentieth. Apparently they are dwarfs, 
while all other variable stars—Cepheids, eclipsing binaries, long- 
period variables (at maximum)—are typically objects of high 
luminosity. 

The possibility that in the faint variable stars of Orion, which 
appear to be intimately associated with diffuse nebulosity, we have 
examples of stars in the pre-giant stage of stellar evolution, led to 
the initiation, nearly four years ago, of systematic observations of 
their magnitudes and colors. Such variables might be of consider- 
able importance, for if Russell’s theory of the evolutionary sequence 
of spectral types be accepted and we desire to find a record of the 
parentage and earliest development of the relatively young, highly 
luminous, low-temperature and low-density red giant stars, it seems 
obvious that we should look for (x) objects varying in light secularly 
or irregularly rather than with definite period and amplitude; 
(2) objects closely associated with the matter from which typical 
stars originate—nebulosity, we usually say, that is formless or in 
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a quite chaotic state; (3) objects of faint absolute magnitude and 
low-surface temperature, therefore very red and possibly with strik- 
ing peculiarities of spectrum. At least some of these properties are 
naturally thought of as attributes of the pre-giant stage; and the 
Orion variables appear upon first examination to be promising 
subjects for inquiry. 

It, however, we cannot find satisfactory evidence of pre-giants 
among such stars as the Orion variables, the typical long-period 
variables, or the occasional irregular variables that are associated 
with variable nebulosity, there remain at least three ways (before 
we need abandon Russell’s theory) in which we may attempt to 
account for the absence from our present records’ of recognized 
visible forerunners of the low-density red giants. We may suppose 
(1) that the normal transformation of an invisible nebular mass to a 
highly luminous star is infrequent as compared with the rapidity of 
the change; astronomical history is so brief, on that hypothesis, 
that it contains as yet no definite record of a secularly brightening 
red star or of the occurrence of a red nova that maintains its maxi- 
mum; or (2) that the phenomenon of rising luminosity, and hence 
of the birth of a typical giant star, no longer occurs, signifying that 
the stellar material is essentially exhausted in the sidereal universe 
we know; or (3) that the part of space where the phenomenon now 
occurs is remote from the region we ordinarily observe. Or stated 
more briefly we may suppose that the (1) frequency, (2) epoch, or 
(3) place of star-birth makes difficult or impossible our observation 
of the pre-giant stages. 

The photographic observation of the magnitudes of the variables 
in Orion is very difficult because of the irregularity of the nebulosity 
and the uncertainties associated with the photographic study at 
Mount Wilson of southern objects in the winter season. Whether 
definite periodicity obtains for any of the variables has not yet 
been determined. Some of the stars previously suspected of vari- 
ability may owe their apparent variations entirely to photographic 
phenomena; others at one time definitely variable now appear con- 
stant. The results so far derived for thirty variable stars near the 


« The records of some globular clusters, and probably of the solar neighborhood 
as well, are sufficiently complete to show that such antecedents are not present as 


normal stars. 
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trapezium are mainly negative: (1) the variables do not belong to 
the cluster-type; (2) they are not blue (apparently they are mainly 
red, but the nebulosity introduces systematic error of undetermined 
amount into measures of color); (3) they do not appear to show 
regularity, or great range, or close similarity to each other in color 
or range; (4) they are, of course, not undergoing a secular increase 
of brightness apparent within this short interval of time; (5) the 
variables as well as other faint stars are concentrated in the central 
part of the nebula; (6) in the dense nebulosity the light of very 
few faint stars appears to be actually constant—perhaps a spurious 
photographie effect. 

It seems impossible to say definitely as yet whether the variables 
are really associated with the nebula-group of bright stars and 
undergo intrinsic variations of light or are for the most part at a 
greater distance than the Orion stars and owe their variations to 
occultations by nebular matter. Most of the evidence, however, 
supports the view that the variables are typical dwarf stars within 
the nebula, deriving their irregular light-variations from contact 
with the irregular nebulosity, which recent spectroscopic work has 
shown to be moving differentially. Some strong points favoring 
this view may be inferred from the preceding paragraph, and 
together with some possible objections they will be more fully dis- 
cussed when a detailed report is made on the magnitudes and colors. 
The similar, commonly accepted hypothesis of nebular friction 
seems to account satisfactorily for the novae, where a much greater 
range of variation is involved. 

L. The most distant naked-eye star —The adopted lower limit of 
the parallax, =07001, of a hypothetical most distant naked-eye 
star depends upon the fairly safe assumption that the difference 
between apparent and absolute brightness, m—M, does not exceed 
ten magnitudes; that is, we assume that no first-magnitude star 
is brighter absolutely than —g, that no fifth-magnitude star is 
brighter absolutely than —5. The study of the giants in clusters, 
Kapteyn’s work on B-type stars, and the results of direct measures 
of parallax support this assumption. The most relevant contribu- 
tion to this question, however, is the very important statistical dis- 
cussion by Dyson of the proper motions of one-sixteenth of all the 
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stars brighter than the ninth magnitude. He finds that brighter 
than the sixth magnitude there are in the whole sky only 15 X16= 
240 stars more distant than 200 parsecs. The extreme limit? of 
260 parsecs, to which naked-eye stars extend according to Dyson’s 
formula, is only one-fourth of the limit assumed for the present 
illustration. We may note, however, that if a naked-eye Cepheid 
variable fainter than the fifth apparent magnitude should be found 
with period in excess of 32 days, its parallax would be somewhat 
smaller than the lower limit adopted above. 

M. Charlier’s “Galaxy of B stars’’.—A discussion of the distribu- 
tion in space of all B-type stars in the Harvard catalogues has been 
made by Charlier, who finds that they form a large cluster, the 
center of which is nearly 100 parsecs distant from the sun. As 
practically all the stars of all spectral types for which we know the 
position in space are within the bounds of this B-type cluster, it is 
chosen, in this comparison with the system of globular clusters, to 
represent the stellar system as ordinarily conceived. 

N. The eccentric position of the solar system.—In the seventh 
paper it has been noted that the adopted distance to the center of 
the system of globular clusters is tentative, but probably of the 
correct order of magnitude. 

Confirming Charlier’s determination, either of the general direc- 
tion or of the amount of the sun’s displacement from the center of 
the local aggregation of stars, we have the results of Russell and 
Shapley on eclipsing binaries and Cepheids, of Walkey on 30,000 
stars of the Harvard catalogues, and of Strémberg on second-type 
stars of known parallax and radial velocity. 


SUMMARY 


This paper contains a tabular and diagrammatic comparison of 
various sidereal distances. In addition to the material already 
available from the study of clusters and variables and from 
the results of other investigators, a considerable amount of new 


1 Monthly Notices, 77, 212, 1917. 
2 Dyson notes that the limit is too small; zbzd., p. 217. 
3 Meddelanden frin Lunds Astronomiska Observatoriwm, Series 2, No. 14, 1916. 
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observational and computational work has been necessary for the 
discussion. The following statement summarizes the more impor- 
tant results, some of which are not specifically discussed in the 
text of the paper. 

1. The most distant globular cluster now known, N.G.C. 7006, 
appears to differ from much nearer systems only in the matter of 
distance. In general appearance and in the relation of size to 
brightness it conforms with typical globular clusters; and in phe- 
nomena of color and the frequency of red giant stars it is very 
similar to Messier 3 and 13 (Table III). 

2. The similarity in the frequency of colors for near and distant 
clusters shows that the selective scattering of light in space, if 
acting uniformly, affects the color-indices of stars by less than two- 
millionths of a magnitude for each parsec of distance. With any 
reasonable assumption as to the dependence of light-scattering 
on stellar concentration, interstellar media appear unimportant 
in their effect on the colors of stars brighter than the fifteenth 
magnitude. 

3. The parallax of N.G.C. 7006 is 0o”000015 on the basis of 
diameter measures, 0”000014 according to measures of photo- 
graphic magnitude, and o”000016 if the mean absolute photo-visual 
magnitude of its brightest stars be assumed equivalent to the cor- 
responding means for Messier 3 and 13. 

4. Counts of stars on photographs of the edges of globular clus- 
ters show that faint stars as well as the typical variables are widely 
dispersed. Probably the diameter of every typical globular cluster 
exceeds twenty million astronomical units. 

5. As far from the center as 15’, corresponding to a linear dis- 
tance of about 65 parsecs, the elongation of Messier 15 is found to 
be in general agreement with the results fer the central regions, 
both as to direction and amount. 

6. The cluster N.G.C. 4147, which, of all known, is by far the 
most distant from the galactic plane, may differ considerably from 
typical globular systems in frequency of giant stars and perhaps in 
linear extent. A revision of the photographic magnitudes in this 
cluster alters the previously adopted mean of the ‘25 brightest”’ 
stars by only five-hundredths of a magnitude. 
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7. A comparison of the direct and hypothetical parallaxes of 
seven eclipsing binaries show an average difference of =o7’o1; the 
systematic difference is inappreciable. 

8. Most if not all of the variable stars in the Orion nebula appear 
to be irregular in period and range; the color-indices of thirty 
situated in the denser nebulosity are large and positive. That the 
variables are actually associated with the nebula and therefore of 
faint absolute magnitude is not yet definitely proved. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


TWELFTH PAPER: REMARKS ON THE ARRANGEMENT OF THE 
SIDEREAL UNIVERSE 


By HARLOW SHAPLEY 
I. THE GENERAL GALACTIC SYSTEM 


1. Introduction.—A fairly definite conception of the arrangement 
of the sidereal system evolves naturally from the observational 
work discussed in the preceding Contributions. We find, in short, 
that globular clusters, though extensive and massive structures, 
are but subordinate items in the immensely greater organization 
which is dimly outlined by their positions. From the new point of 
view our galactic universe appears as a single, enormous, all- 
comprehending unit, the extent and form of which seems to be 
indicated through the dimensions of the widely extended assemblage 
of globular clusters. The fundamental nature of the galactic plane, 
in the dynamical structure of all that we now recognize as the 
sidereal universe, is manifested by the distribution of clusters in 
space. Near this plane lie the celestial objects that we customarily 
study. The open clusters, the diffused and planetary nebulae, the 
naked-eye stars, most variables, the objects that define and com- 
pose the star streams—all of these appear to be far within a rela- 
tively narrow equatorial region of the greater galactic system, a 
region in which such forces are at play that compact clusters of 
great mass apparently cannot form or exist. The Orion nebula 
and even the Magellanic clouds are miniature organizations in this 
general scheme, and undoubtedly are dependents of the Galaxy. 

The adoption of such an arrangement of sidereal objects leaves 
us with no evidence of a plurality of stellar “universes.” Even 
the remotest of recorded globular clusters do not seem to be inde- 
pendent organizations. The hypothesis that spiral nebulae are 
separate galactic systems now meets with further difficulties. So 
long as the high velocities of nebulae were unapproached by the 
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motions of other objects and the maximum luminosity attainable 
by stars was beyond estimate, and so long as the diameter of the 
galactic system was thought to be only a thousand light-years or so, 
we had a fairly plausible case for the ‘‘island universe”’ hypothesis. 
But now we must consider radial velocities of several hundred kilo- 
meters a second as quite possible for objects in our own system; we 
must assume a moderate upper limit of luminosity, perhaps even 
for the most massive of novae; and any external ‘‘universe”’ must 
now be compared with a galactic system probably more than three 
hundred thousand light-years in diameter. As seen from the 
center of the galactic system, globular clusters would be distributed 
in the sky much as the spirals are when observed from the earth. 

It is probable that the further accumulation of observations will 
modify to some extent the views outlined above and discussed more 
fully in the following pages. The present data may in some cases 
be susceptible of alternative interpretation, or possibly the con- 
clusions may be questioned in the belief that the material is insuffi- 
cient. But the greater part of the hypothesis proposed is merely 
the most direct and simple reading of recent observations. 

2. Outline of interpretation.—The suggested plan of the galactic 
system may be concretely formulated through the following series 
of propositions; some of them are later amplified in so far as seems 
necessary; for others the discussion of preceding contributions will 
suffice. A few of the statements are obvious corollaries, while 
those designated B and F, in some of their details, may be less easy 
to maintain. Taken altogether they attempt to establish a general 
idea of the arrangement, extent, and constituency of the system of 
stars and nebulae. 


A. The globular clusters are a part of the galactic system and 
knowledge of their distances seems at present to afford the best 
way to fathom the system. 

B. The system of globular clusters, which is coincident in 
general, if not in detail, with the sidereal arrangement as a whole, 
appears to be somewhat ellipsoidal. The longest axis of the 
ellipsoid lies in the galactic plane and passes the sun at a distance 
of approximately three thousand parsecs. Its nearest point is in 
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galactic longitude 240°, nearly coincident with the direction of the 
center assigned to the local system of stars. See F and Fig. 1. 

_ C. The center of the sjdereal system is distant from the earth 
some twenty thousand parsecs in the direction of the constellation 
Sagittarius; it les in the galactic plane, which dynamically and 
statistically appears to be the symmetrical plane of the entire 
sidereal universe as now known. As seen from the sun the thinnest 
part of the Milky Way lies in Gemini, Taurus, and Auriga—a 
region rich in bright open clusters close to the galactic plane. 

D. The axes of the system in the galactic plane and per- 
pendicular to it may not differ greatly; but the gravitationally 
important equatorial segment, which apparently contains most of 
the stars, is at least thirty times as extended in the plane as at right 
angles thereto. 

E. The equatoria! region appears to be uninhabitable by com- 
pact systems, such as globular clusters, notwithstanding the greater 
abundance there of stellar material. 

F. The stars in the neighborhood of the sun (practically all that 
go into our catalogues of spectrum, position, and motion) appear 
to compose (1) a large, open, moving subordinate group, and (2) a 
part of the surrounding and interpenetrating star fields of the 
equatorial segment of the greater galactic system. ‘The center 
of the local system is in the direction of the constellation Carina, 
nearly at right angles to the direction of the center of the general 
galactic system, but less than one two-hundredths as far away. 
The plane of symmetry and condensation of the local cluster is 
inclined to the galactic plane about 12°; the center of the cluster 
is north of the galactic plane, and the sun is north of both 
planes. 

G. The volume of space occupied by stars brighter than the 
sixth apparent magnitude, some of which, being absolutely very 
bright, are extremely distant as compared with the majority of 
naked-eye stars, is at most only a hundred-thousandth of the volume 
occupied by the other parts of the galactic system. 


3. Relation of present interpretation to earlier hypotheses.—In 
order to show where the earlier working hypotheses stand with 
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respect to the interpretation now offered, it may be of interest to 
note the development, during the course of this work on clusters 
and variable stars, of the ideas concerning the relation of globular 
clusters to the galactic organization. Until the last year or so most 
students of stellar problems believed rather vaguely that the sun 
was not far from the center of the universe, and that the radius of 
the galactic system was of the order of 1000 parsecs. From the 
earlier observational data Seeliger and Newcomb derived a fairly 
central position for the sun. ‘ Hertzsprung™ in 1906 estimated the 
“Dimensionen”’ of the visible Milky Way system to be of the order 
of 2000 parsecs, and some years later Walkey,’ from consideration 
of extensive distributional data, estimated a distance of about sev- 
enteen hundred parsecs for the galactic main stream. In 1914, 
referring to the apparently lens-shaped sidereal system, Eddington’ 
wrote, ‘‘There is little evidence as to the sun’s position with respect 
to the perimeter of the lens; all that we can say is that it is not 
markedly eccentric”; and the diameter of the whole system (possibly 
excluding the peripheral ring of galactic clouds) was placed at some 
two or three thousand parsecs, with emphasis on the uncertainty. 
For a later computation Eddington’ assumed the distance of the 
Milky Way to be 2000 parsecs. 

The work on the hypothetical parallaxes of Cepheids and 
O-type stars by Hertzsprung, and of eclipsing binaries and Cepheids 
by Professor Russell and the writer, began to give concrete numeri- 
cal expression to the distances of remote galactic objects, and in 
1914 we have the statement:’ “‘Our ‘universe’ of stars must be 
some thousands of light-years in diameter,” but the computed radius 
of 2500 parsecs was reduced to 1200 by allowing for a presumably 
reasonable and necessary scattering of light in space. The neces- 
sity for such a correction seems now definitely to have vanished, 
but the general conception of the size of the stellar system has not 


* Zeitschrift fiir wissenschaftliche Photographie, 5, 106, 1907. 

? Monthly Notices, 74, 655, 1914. 

3 Stellar Movements and the Structure of the Universe (London, 1914), Danse 
4 Tbid.) paeole 

5 Russell and Shapley, Astrophysical Journal, 40, 434, 1914. 
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materially changed. In his valuable memoir™ on the B-type stars 
Charlier states: 

The luminosity of these stats is, indeed, so great that a star of this type, 
situated—as far as can be concluded—at the limits of our stellar universe, is 
scarcely fainter than the eighth magnitude. We are thus in the position to get, 


with the help of the B stars, what might appropriately be called a skeleton 
image of the Milky Way. 

Only one star out of the 800 in Charlier’s list is more distant from 
the sun than 800 parsecs, and a heliocentric sphere of 500 parsecs 
radius contains 95 per cent of the total number. Again, Charlier 
states that “the center of this cluster [of B-type stars], which may be 
assumed to coincide with the center of our stellar universe, is 
situated . . . . in the Constellation Carina” at a distance of 88 
parsecs.’ 

In view of these prevailing beliefs, the working hypothesis that 
a globular cluster is a wholly distinct stellar system was quite 
appropriate when in 1915 it was found that the Hercules cluster 
(Messier 13) is possibly several hundred parsecs in diameter. It 
appeared then that the galactic system might be a large but sub- 
ordinate unit, eccentrically situated with respect to the greater 
aggregation of globular clusters. The great distances of the clusters, 
the similarity of their stars, in many properties, to those of the 
Galaxy, and finally the discovery of galactic planes in a number of 
them, tended to emphasize further the comparability of clusters 
and our own surrounding galactic system of stars. 

Two difficulties stood in the way of a definite hypothesis—the 
comparatively high condensation at the centers of globular clusters 
and the uncertainty relative to the constituency and distances of 
open clusters in the galactic clouds. The study of Messier 11 
and of the dense star clouds in its neighborhood revealed the 
presence of faint blue stars—objects which, unless abnormal in 
size, must be quite similar in absolute magnitude to members of 
Charlier’s cluster of B-type stars, but at least twenty times as 
distant as the limits of his group. 

t Meddelanden fran Lunds Astronomiska Observatorium, Series 2, No. 14, p. 103, 
1916. 

2 Tbid., p. 104 
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Evidence was also found that the Milky Way clouds near 
Messier 11 were greatly extended in the line of sight. For a number 
of other parts of the Milky Way the study of stars in clusters and 
clouds indicated analogous conditions, and the conviction grew 
that the galactic system had an extent of at least 15,000 parsecs 
along its plane. This left little occasion for the direct comparison 
with globular clusters, the diameters of which were found by 
further study to be of the order of 150 parsecs. As a consequence, 
their relation to the general system was quite uncertain until the 
present determination of parallaxes and the discussion of the dis- 
tribution in space indicated the position of globular clusters in 
the arrangement of sidereal objects and suggested that the actual 
diameter of the galactic system is of the order of 100,000 parsecs. 

4. The plane of symmetry and the equatorial segment.—in the 
figures and discussion of the seventh paper of this series the depend- 
ence of globular clusters upon a larger symmetrical organization is 
definitely shown. Apparently there is no occasion to doubt the 
identity of the plane of symmetry in this system of globular clusters 
with the galactic plane defined by stellar condensation and the 
Milky Way. An agreement within a degree or two of the poles of 
two distinct and unrelated planes is far too unlikely for considera- 
tion. Further, we now know that in distance along the plane 
many of the globular clusters are nearer to us than stars in the 
open galactic clusters; and also we note that the distribution of 
Cepheid variables, as shown in Fig. 3 of the eighth paper, bridges 
the gap between the distant Milky Way clouds and the local 
system of stars. 

That the equatorial segment is populated by stars throuplione 
its whole extent seems very probable; both the arrangement of the 
clusters and the appearance of the Milky. Way agglomerations 
support this view. But, owing to the evidence of rifts and divisions 
in the galactic clouds, it is impossible to suppose uniform stellar 
distribution or even to assume that the stars everywhere are con- 
centrated progressively toward the medial plane. Stars of the 
galactic branch in Ophiuchus do not necessarily lie farther from the 
plane than the semi-width of the equatorial segment, for to be 
outside this region devoid of globular clusters the parallax of the 
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stars in the cloud must be less than o”%o0001. Globular clusters 
that appear involved in the edges of the star clouds are almost with- 
out exception small and fgint, and because of their greater radial 
distances are therefore clear of the equatorial region that contains 
the majority of known sidereal objects. 

5. The Milky Way and its asymmeiry; regions of maximum star 
density.—According to the present view of the galactic system, 
the phenomenon of the Milky Way is largely an optical one. 
Although the existence of local and occasionally very extensive 
condensations of Milky Way stars is not denied, the conception of 
a narrow encircling ring is abandoned. The Milky Way girdle 
is chiefly a matter of star depth, and its long recognized weakness 
between longitudes 9c° and 18c° is now taken to be a reflection of 
the eccentric position of the sun. 

On the basis of the third and fourth diagrams of the seventh 
paper we estimate provisionally that the limit of the Galaxy 
is three times greater in longitude 325° than in the opposite direc- 
tion. This does not require an impossible difference of stellar 
density in the two directions, even if there is a considerable con- 
densation toward the center. A star of a given absolute luminosity 
situated in the galactic plane would appear less than two and a half 
magnitudes fainter at the boundary of the system beyond the 
center than at the opposite point, which is nearest the sun. The 
remarkable one-sidedness of the Milky Way has been little con- 
sidered heretofore in works on stellar distribution. Nort," in study- 
ing the Harvard map, has made an important beginning by showing 
that the star density is four or five times greater in the direction of 
the southern star clouds than in some of the shallower galactic 
regions of the north. 

The surpassing stellar density in the direction now assigned to 
the center of the galactic system is particularly remarked by Chap- 
man and Melotte? in their study of the Franklin-Adams plates. 
They state that one plate with center in a=18", 6= —30° 
covers the Sagittarius region of the Southern Milky Way, and the star clouds 
on limited portions of it are so thick that in the case of twelve out of the 

« Recherches Astronomique de V Observatoire d’ Utrecht, 8, 113, 1917. 

2 Memoirs of the Royal Astronomical Society, 60, Part IV, p. 168, 1915. 
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twenty-five areas counted on it, it was found impossible to count every star 
shown; the images of the faintest stars in these regions merged into one 
another forming a continuous gray background. On every other plate of the 
Franklin-Adams series even the faintest star images shown were separate and 
distinct, and the counts included all stars visible. The extreme richness of 
the Sagittarius region may be judged of, then, when it is noticed that the 
incomplete counts on it show far more stars than are found in any other part 
of the Milky Way. 

The fathoming of the sidereal universe need not long depend on 
globular clusters alone. If the nearest part of its boundary in the 
general direction of Auriga and Gemini is not more distant than 
30,000 parsecs, no stars in that locality with absolute magnitude 
of zero or brighter will be fainter than the apparent magnitude 
17.5. B-type stars will therefore contribute in future measurement 
of the extent of the system; and the Cepheid variables fainter than 
the fourteenth magnitude will in time be fully as valuable as the 
globular clusters in outlining the diameter and contour of the 
equatorial segment. As a ready qualitative check of the direction 
and distance of the center, the blue stars in the Milky Way should 
persist to a fainter magnitude in the southern sky than in the 
direction of the anti-center. 

The possibly ellipsoidal form of the system of globular clusters 
is indicated in Fig. 1, which gives a projection on the galactic 
plane of the 60 clusters for which Rsin8B<15,000 parsecs. If the 
elongation be accepted as a real characteristic of the stars also, it 
is evident that the apparently densest star regions, depending on the 
faintness of the stars involved in the estimate, may lie in a longitude 
differing considerably from that of the center. The general 
direction of the galactic center is clearly toward the dense star 
clouds of Sagittarius and Scorpio; but the adopted galactic longi- 
tude, 325°, and the corresponding equatorial co-ordinates of the 
center, a=17"5, 6= —30°, are necessarily approximate. 

The statistical center derived by Charliert from B-type stars 
is in Carina, in longitude 236°, a result referring entirely to the local 
group (within 500 parsecs of the sun) and not influenced by the 
arrangement of the general system. Strémberg,? from bright stars 

* Meddelanden frén Lunds Astronomiska Observatorium, Series 2, No. 14, 1916. 


2 Astrophysical Journal, 47, 33, 1918. 
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of the redder spectral types, finds the dynamical center in longitude 
257. Nort,* using stars to the eleventh magnitude on the Harvard 
map of the sky, gets farther outside the bounds of the local cluster 
and obtains a maximum stellar density in the Milky Way between 
longitudes 280° and 290°; he finds a density but one-fifth as great 


in longitude 120°, the direction of the anti-center. Chapman 


Auriga go° 


Sagittarius 


270° Scorpio 


Fie. 1.—The system of globular clusters projected on the plane of the Galaxy. 
The galactic longitude is indicated for every 30°. The “‘local system” is completely 
within the smallest circle, which has a radius of 1000 parsecs. The larger circles, which 
are also heliocentric, have radii increasing by intervals of 10,000 parsecs. The dotted 
line indicates the suggested major axis of the system, and the cross the adopted center. 
The dots are about five times the actual diameters of the clusters on this scale. Nine 
clusters more distant from the plane than 15,000 parsecs are not included in the 
diagram. 


and Melotte,? working to the still fainter limit of the Franklin- 
Adams plates, find in the clouds of Sagittarius the only region too 
dense for counting. 

This progressive increase of the longitude of maximum star 
density from 236° to 325° (with the increasing predominance of the 
general system over the local group), and the appearance to be 
expected of the star clouds in the directions of the two centers, are 


«Op. cit. 2 Ibid. 
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both in striking agreement with Gould’s observations of the bright- 
ness of the Milky Way:* 

Its brightest portion is unquestionably in Sagittarius [the galactic center]; 
that in Carina [the local center] being slightly inferior to this as regards intrinsic 
brilliancy, although far more magnificent and impressive on account of the 
great number of bright stars with which it is there spangled. 


6. Absence of clusters from the equatorial segment and its dynami- 
cal significance.—In an earlier paper we have remarked that the 
absence of globular clusters from the mid-galactic region is revealed 
by the galactic latitudes as well as by the distances from the plane. 
For the latitudes, however, the wide avoidance of that region is not 


Galactic Latitude 
—go° —60° —30° °° +30° +60° -+90° 


Relative Number 
of Clusters 
3 


Fic. 2.—Frequency of galactic latitudes, illustrating the mid-galactic region 
devoid of globular clusters. 


so evident, because of the apparent nearness to the plane of some 
very remote systems. The relative frequency of galactic lati- 
tudes, plotted in Fig. 2, shows an equatorial belt 10° in width, which 
is as yet completely empty of known globular clusters. 

It is clear from the figure that any reasonable change in the 
adopted position of the galactic pole would neither eliminate the 
segment nor modify its coincidence with the mid-galactic stellar 
region. It is equally obvious that the region cannot be explained 
away by supposing the data incomplete through either the failure 
to record visible globular clusters or the obstruction of light in 
the equatorial segment. In support of this statement it will 
suffice to point out that already at a distance of 12,500 parsecs from 
the sun the absence of clusters is more than chance. Then, first, 
the suggestion that clusters have been overlooked is absurd, for 


* Uranometria Argentina, p. 370, 1879. 
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some of the stars in globular systems at that distance would be 
photographically brighter than the fourteenth magnitude. That is, 
the overlooked clusters woyld be more conspicuous than Messier 3. 
In the second place, if general obstruction of light is to account for 
the absence of clusters, typical stars with negative color-indices 
should not be found in the Milky Way when fainter than the 
fifteenth magnitude, for at the distance of 12,500 parsecs m—M = 
+15.5. But such objects have been observed; and, moreover, it 
is highly improbable that the millions of Milky Way stars fainter 
than the eighteenth magnitude are all dwarfs. 

We have referred to the equatorial segment as a region of 
avoidance. Slipher’s observations of radial velocities suggest 
that the term is scarcely appropriate, since seven out of ten sys- 
tems are approaching the sun (and probably the galactic region) 
with conspicuous velocity.t The segment seems rather to be a 
region of attraction and demolition, and if further work on radial 
velocities confirms the present indication of systematically high 
speeds of approach, a factor of very great importance in the evolu- 
tion of the galactic system will be established. 

Table I contains information relative to the ten clusters of 
measured radial velocity. The observed values in the third 
column and the computed quantities based upon them in the last 
column are admittedly provisional. The observed photographic 
magnitudes in the fourth column, taken from Table II of the 
seventh paper, show that two of the largest velocities pertain to the 
faintest and probably most difficult objects. The last column 
gives the observed radial velocity, V, (expressed in the unit of 100 
parsecs per million years), divided into the radial distance. 

The present evidence suggests that globular clusters as a class 
may be falling rapidly into the regions rich in stars. None of the 
clusters in Table I is necessarily receding from the plane, for the 
positive velocity of Messier 5 is far within the uncertainty of the 
observation, and Messier 9 and 28 are in such low galactic latitudes 
that the radial component is no test of the true direction of motion 
perpendicular to the Milky Way. With the possible exception of 
Messier 5, therefore, all these clusters, with latitudes high enough 

t Popular Astronomy, 26, 8, 1918. 
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to make it probable that the radial and perpendicular components 
have the same sign, are approaching the galactic plane with a 
speed that unless rapidly diminished will bring most of them to the 
dense stellar regions in less than 150 million years (cf. last column 
of Table I). Such an interval of time seems relatively short in 
the history of a stellar system, and hence these negative velocities 
make still more remarkable the absence of globular clusters from the 
equatorial segment. 
TABLE I 


RADIAL VELOCITIES OF GLOBULAR CLUSTERS 


CLUSTER NianeDes GALACTIC ees Pisin R 
Hany ne Pe ae too Par- | GaLactic (nents A 
N.G.C. | Messier Se N Saaeis Lone: re ee! een tare 
km 
5024... 53 —170 TS Ova eso 72 +79° 189 | +186 IIo 
RAO oo 3 2 I4.23 8 +77 139 +135 IIO 
5904... 5 +120 £3107), 1333 +45 L262 tee U BS, Thoieecaaees 
G2o5me. 13 — 300 13.75 26 +40 III + 71 40 
6333ner 9 1-225 15.61 334 + 9 250 Od Aowe.c noc 
O24tee: Q2 —160 13.86 35 +34 123 + 69 80 
6626... 28 ° 14.87 336 = 7 185 23". Ola eer 
OOS Ae enim easintce — 350 15.78 20 —20 333 i114 90 
(Oot LS —= O§ 14.31 33 — 29 TAT an 150 
7089... 2 — iLO 14.61 22 —37 156 — 94 1600 


7. Possible explanation—a provisional hypothesis ——There ap- 
pears to be no very obvious or reasonable escape from the conclusion 
that some clusters at least are destined to enter the mid-galactic 
region. Revolution around the whole system is dynamically im- 
probable; moreover, the present distances from the plane are small 
as compared with the mean equatorial diameter of the cluster 
system. With such great velocities and masses it seems incredible 
that clusters would not easily pass through the stratum of stars. 
Further observation may reveal survivors receding from the galactic 
plane, and we may be able to examine them for the effects of the 
passage.* 


* The galactic latitudes of the large and small Magellanic clouds are 32° and 
44°; their velocities of recession, according to observations by Wilson at the D. O. 
Mills Observatory, probably are 260 km/sec. and 150 km/sec., respectively. Reason- 
able estimates of the distance (cf. eleventh paper) give 70 and 130 as corresponding 
values of R/V» in millions of years. 
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There is, however, suggestive though incomplete evidence that 
globular clusters are disrupted upon approaching the mid-galactic 
regions. As a general but not infallible rule, the clusters at moder- 
ate or high distances from the Galaxy are compact; the nearer ones 
are open. ‘There is, for example, the well-known contrast between 
w Centauri and 47 Tucanae, the two brightest and nearest systems, 
the former 1800 and the latter 4700 parsecs from the plane. Of the 
five systems within 2000 parsecs of the galactic plane four are 
decidedly open for globular clusters (Table II). The fifth, Messier 
62, shows a structural irregularity that may be an indication of 
rupture; its parallax, depending only on its diameter, is perhaps 
inaccurate because of asymmetry. 


TABLE II 


GLOBULAR CLUSTERS. NEAREST THE GALACTIC PLANE 


N.G.C. te pasate Remarks 
| 
| —— 
WEG Ie ewe — 9° —1800 | Large, faint, and little condensed. ‘Rather 
faint at center.” —Melotte. 
RO ee serene +16 +1800 | » Centauri. Not strongly condensed. 
20008 20s + 7 +1900 | M. 62. Well condensed but probably the 
most asymmetrical of globular clusters. 
See Bailey, Harvard Annals, 76, 74, 1916. 
OGZO7 erties e's —12 —1700 | Large cluster and one of the nearest. ‘‘Stars 
rather scattered.’””—Melotte. 
OE Olean — 9 —1300 | M. 22. The most open of large globular 
clusters. 


The distribution of stars in open galactic clusters is possibly a 
second indication of the dissipation of globular clusters in the Milky 
Way. The diameter of some open clusters appears to be quite com- 
parable with that of globular clusters. Several of them contain 
mainly stars that are highly luminous and probably of great mass. 
Counts in the surrounding star fields have shown in certain cases 
(Messier 67, Messier 11, # and x Persei,’ the Pleiades’) that the 
cluster stars are sparingly scattered over an area several times 
greater than that of the nucleus. 

t Inferred from radial velocity results by Adams and van Maanen, Astronomical 
Journal, 27, 187, 1913. 

2 Triimpler, Popular Astronomy, 26, 9, 1918. 
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As a provisional working hypothesis, which is supported by 
numerous observed conditions and may be further tested without 
difficulty, it is suggested that the obvious dynamical equilibrium of 
a globular cluster has been acquired originally at a great distance 
from external perturbing forces and is an extremely delicate 
adjustment that quickly breaks down under stresses such as those 
prevailing in the galactic region; further, that faint stars in globular 
clusters are of small mass and of more than average velocity 
(analogy with galactic stars), and in their orbital motions fre- 
quently attain great distances from the center. When the globular 
cluster approaches a disturbing body as massive as the general 
galactic system, such stars are of course most readily lost and 
intermingled with galactic stars.t On the other hand, the massive 
cluster stars, which are mostly of high luminosity, having low 
peculiar velocities and maintaining in their subsystem a high 
degree of stability, retain their organization longer in a disrupting 
field and, except for rare and accidental encounters with galactic 
stars, undergo as a single unit the general perturbations of the 
galactic system. It appears necessary to suppose that the gravi- 
tational or electrical field near the plane of the Milky Way is by 
itself more potent in the acceleration of stellar velocities than are 
near approaches; otherwise it seems impossible that through chance 
dynamical encounters a massive globular cluster, highly organized 
and presumably in a steady state, should be so speedily dissipated 
and transferred into an open galactic group. 

8. Remarks on the contraction theory of stellar evolution—In a 
preceding paragraph we have alluded to the scale of time in the 
development of the galactic system. An observational contribution 
to this problem, and more directly to the problem of the speed of 
evolution of spectral type, is afforded bythe distant clusters. 
Recent discussion by Lindemann, Joly, Véronnet, Eddington, and 
Jeans, relative to the probable age of the earth and the sun from the 
standpoint of the contraction theory, emphasizes the persistent 
disagreement between this theory and the data of geology and 
physics in estimating the interval of time since the deposition of 


* A somewhat similar problem has been examined analytically by Jeans; in fact, 
he may have had this identical hypothesis in mind (Monthly Notices, 76, 560, 1916). 
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the earliest sedimentary rocks. Lindemann and Jeans have argued 
that allowance for known radioactive or even for all electrical prop- 
erties of matter cannot have prolonged the apparent constancy 
of solar radiation sufficiently to meet geological requirements. 
Specifically, Eddington computes that the duration of the total 
giant stage of a star, if contraction is its source of energy, is not 
likely to exceed one hundred thousand years; the development from 
a giant M to a giant G should be less than twenty-five thousand 
years. To obtain an appreciably slower development we must call 
upon sources of energy now unrecognized. 

Giant stars of various spectral types are numerous in globular 
clusters and are easily studied in relation to the foregoing problem. 
We recall that, owing to the finite velocity of light, our investiga- 
tions of clusters do not relate to contemporaneous conditions, but 
rather to events of the remote past. Stars in the nearest globular 
cluster are actually two hundred centuries older at present than 
they appear in our records, and the light we now receive from 
the most distant systems has been en route about two hundred 
thousand years. A significant consequence of these unlike dis- 
tances, thanks to the structural uniformity of stars and of globu- 
lar clusters, is that we are able to compare phenomena separated 
by enormous intervals of time. Instead of having to test stellar 
development observationally through the dissimilar records of 
one century or possibly two, with globular clusters we may 
make a test under identical conditions of climate and instru- 
mental equipment at intervals up to more than a thousand 
centuries. 

The clusters range in distance from twenty thousand to more 
than two hundred thousand light-years. The farther away the 
younger they are in our study and the less developed are their 
stars. (We assume, of course, that distance from the earth is 
totally irrelevant in the birth time of a globular cluster, though 
distance from the galactic center may not be.) The results at 
hand, though preliminary, are apparently decisive; and, as regards 
definite indications of evolution, are uniformly negative. We note, 
in particular, the conclusions reached in the eleventh paper, that 
no measurable change has occurred even in the 180,000 years 
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separating the phenomena recorded for the nearby Hercules cluster 
and for the most distant system known. 

It would have been impressive to find with decreasing distance 
and increasing age a progressive change in stellar conditions, thus 
enabling us to use this time scale to its greatest advantage. Per- 
haps, however, our negative result may be quite as important—our 
evidence, that is, of essential contemporaneousness from cluster to 
cluster. The result suggests the insufficiency of the contraction 
theory, thus supporting the geological time scale on the earth; it 
contributes observationally to the growing belief that stellar 
radiation involves sources of energy that are as yet wholly unknown; 
and, by indicating that an interval of 100,000 years is insufficient 
to show appreciable stellar development, it tends to alter our con- 
ceptions of the speed of evolutionary change. 


Il. THE LOCAL SYSTEM 


9. Discrepancy of centers—its inter pretation.—As has been stated 
above, the galactic center deduced from the arrangement of 
clusters, and roughly corroborated by the density of the Milky 
Way clouds, is about go° from the center recently assigned by 
Walkey and Charlier on the basis of statistical discussions of the 
bright stars near the sun. The new position is not far distant, 
however, from the direction toward and from which catalogued 
stars show a preferential drift. To investigate this discrepancy of 
centers and the possible meaning of the star drifts in the mechanics 
of the general galactic system we are led to inquire what part the 
local stars play in the larger scheme. Let us consider the stellar 
phenomena manifested in our neighborhood from the standpoint 
of the greater galactic organization and think of the local 
stars as forming a group which is imbedded in an extensive 
stellar stratum and subordinate to the gravitational influences 
of the major system. Such a procedure brings us to the follow- 
ing hypothesis, which promises fairly satisfactory interpretations 
of a number of observational results, and appears to harmonize 


some of the earlier theories as to the systematic motions of the 
stars: 
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In the neighborhood of the sun (within rooo parsecs) the stars 
fall into two categories: (1) Members of the general galactic 
system, having motions, distribution, frequencies of spectral type, 
and absolute magnitude, much the same as are believed to prevail 
throughout the greater part of the equatorial segment; these we 
shall call field stars. (2) Members of a moving local system of 
limited extent; these we shall call cluster stars. The cluster 
(Stream I) is receding in a nearly radial direction from the center of 
the galactic system and is surrounded by and intermingled with the 
field stars (Stream II). It is concentrated toward a plane of sym- 
metry, which is inclined about 12° to the galactic plane as defined 
by remote non-cluster stars and the clouds of the Milky Way. Its 
motion of translation is parallel to the Galaxy rather than to its 
own equator; and there is, in addition, an internal motion in the 
cluster with respect to its center which appears to be about fifty 
parsecs north of the true galactic plane. The sun, evidently a 
field star, is at some distance laterally from the center of the cluster 
and a few parsecs above its central plane of symmetry. Cluster 
stars comprise nearly all of the B-type and a decided majority of the 
A-type stars brighter than the seventh magnitude and a large 
percentage of the redder stars within three or four hundred parsecs 
of the sun. The field stars within this limit include very few 
B’s, a small percentage of A’s, and possibly a majority of the redder 
spectral types. Cepheids, N-type stars, most of the O-type stars, 
the Ursa Major group, planetary nebulae, and stars of peculiarly 
high random velocity are probably all members of the field, which 
is, in general, a heterogeneous mixture of many groups and tend- 
encies. 


to. The local cluster —In discussing the foregoing hypothesis the 
most important object will be to demonstrate the existence of a 
large, local, definitely organized cluster; for when we have satis- 
fied ourselves that there is such a group moving in the neighborhood 
of the sun, and have admitted the reality of an extensive and popu- 
lous galactic system, the present hypothesis appears to afford the 
most simple and natural explanation of the observed motion and 
distribution of local stars. As an analogy suppose we consider 
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the compactly organized galactic cluster Messier 11, which is deeply 
immersed in the rich star clouds of the Milky Way. Unless it be 
completely at rest with respect to its surroundings, its motion, as 
seen from a random-moving field star within its bounds, would give 
rise to exactly such phenomena as the systematic stellar motions 
we observe in our neighborhood. 

We start from the well-known observational results that stars 
of spectral type B are much alike in actual luminosity, that they 
are much brighter than the average star, and that with decreasing 
apparent magnitude they do not increase in, number as rapidly 
as other types of stars. A consideration of the star ratio shows that 
beyond the distance corresponding to apparent magnitude 7.5 the 
B stars must be very infrequent. Charlier, computing the average 
luminosity of the early subclasses of this type, has derived the dis- 
tance and distribution in space of all such stars contained in the 
Harvard catalogues and has given striking evidence that they form 
a large system consisting of about eight hundred stars, among 
which the sun is eccentrically situated. These two results by 
themselves seem to show the existence of an important local aggre- 
gation. But there is much additional evidence. 

11. Central plane of the B stars and its relation to the Galaxy.— 
The first problem to be investigated is whether the system of bright 
B stars is other than a normal arrangement of galactic stars in the 
extensive equatorial segment. To determine the position of the 
central plane of the B-type group Charlier used 751 stars (without 
differentiation as regards distance from the sun) and obtained for 
the co-ordinates of the pole: a=184°3, 6=+28°7. This position 
he adopts as the pole of the Milky Way,? considering it in satis- 
factory agreement with the pole of the plane defined by the Milky 
Way clouds: a=191°2, 5=+27°4. Apparently he identifies the 
“Galaxy of B stars” with the entire stellar universe—a procedure 
that cluster studies obviously do not support, for only a few of the 
stars in Charlier’s group are more distant from the sun than five 
hundred parsecs. 

* Cf. discussion by Seares, Publications of the Astronomical Society of the Pacific, 
30, I14, 1918. 

2 Op. cit., pp. 40 and 43. 
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If, however, the difference in the positions of the two poles be 
real, an inclination of the central plane of the B-type system to the 
Galaxy is indicated, and ave have an additional argument for its 
existence as a distinct cluster. The diagrams in Charlier’s memoir 
show, moreover, that the adopted plane is far from satisfying the 
distribution of the nearer B stars. In Fig. 3, which is based on 
data (Table III) derived from Charlier’s tabulated results, the 
median values of Z, distance from the adopted central plane, 
are plotted for successive intervals of Y, that component of the 


Y in Parsecs 


Fic. 3.—Projection of the local cluster of B stars on a plane perpendicular to the 
Galaxy and to the projection, on Charlier’s adopted plane, of the line joining the sun 
and the center of the cluster. The center of the system of B stars, as derived by 
Charlier, is at the origin of co-ordinates. The cross shows the position of the sun. 
The true galactic plane is indicated by the inclined broken line. Vertical lines across 
the curve show the limits of distance adopted for the solution represented by Fig. 4. 


distance in the plane which is perpendicular to the direction of 
the center from the sun. The area of each of the plotted points is 
proportional to the number of stars entering the median value and 
illustrates the rapid falling off of star density beyond a certain 
distance. The unit used by Charlier, the siriometer, is nearly 
equivalent to five parsecs or sixteen light-years. A cross indicates 
the position of the sun. The broken horizontal line represents the 
projection of the galactic plane adopted by him. The majority of 
B stars obviously lie below it, proving the sun’s position to be above 
the cluster’s central plane. The full horizontal line indicates the 
central plane adopted by Charlier; but considering only the inner 
part of the cluster we observe that the sun is much nearer to the 
central plane. The inclined broken line shows the projection of 
the galactic plane as derived from the stars of the Milky Way 
clouds; its inclination and its distance below (south of) the B 
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cluster and the sun are derived from the results mentioned on a 
following page. The figure suggests in general that a few B stars 
of the Galaxy are sparingly intermixed with a definite and limited 
cluster. 


TABLE III 

todas tk Number of Stars | Sirtometers 

S007 sei lenitam es 41 —4 
—50 to SON iti lene 16 —2 
AO) AO none 52 ape 
== (3 OMe 59 173 
—29 “ —20......... 72 +6 
= TO. 10. Soe 80 spit 
—o “ OMe eee 83 “2 

OCG. a Onaa canes 88 +2 
16! “er Ou eaeeeien 76 +1 
+20 Z f 20 racinut 70 ° 
+30 f =O Omer cle 60 —2 
+40 x a Orestes 37 —4 
pA S aie o yn ciolnot wie s 36 0) 

2002 Adee 35 =O 


12. Summarized discussion of the properties of the local cluster.— 
The procedure from this point involves much computational work 
and statistical discussion, and for the present the most relevant 
results can best be given in a summarized form. 

a) Charlier’s determination of the mean absolute magnitudes 
of B stars is compared in Table IV with averages derived from the 


TABLE IV 
KaprEeyNn CHARLIER 
SPECTRAL CLASS DIFFERENCE 

Number of Absolute Number of Absolute 

Stars Magnitude Stars Magnitude 
Boteceeuse tess 36 —0.340. 23 27 —0.56 +oMo22 
Biny a ener 23 —2.00+0.16 26 —2.76 +0.76 
Boa Yate are 36 —1.21+0.16 40 SDD Spans 
B3e cen auacaee 148 —0.38+0.06 157 Aisi) +0.72 
BS aceres che ee 67 —0.21+0.09 104 —1.20 Ar cee 


*In Kapteyn’s lists B stands for Bo. The lack of homogeneity in this subtype, noted by both 


Te ators: may be due to the inclusion of some (fainter stars) of the general class B with the true 
o stars. 


parallaxes given by Kapteyn in Mount Wilson Contributions, Nos. 82 
and 147. While systematically fainter, Kapteyn’s mean values 
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verify the similarity of the subclasses Bo, B3, and Bs, and the much 
greater average luminosity of Br and Bz. 

b) If we desire to limit our investigation of the B stars to the 
denser part of the group (say, to approximately two hundred par- 
secs from the sun, as indicated in Fig. 3), we should include only 
those brighter than apparent magnitude 4.0 for types Bz and Bz2, 
and brighter than 5.5 for types Bo, B3, and Bs. Such data per- 
mit a solution for the equatorial plane of the B cluster that is not 
seriously influenced by outside stars. 

c) From the several lists in Harvard Annals, 56, the galactic 
longitudes and latitudes have been discussed for 356 B-type stars 
falling within the foregoing limits of spectrum and brightness. The 
results, collected in Table V, give for the pole of the central plane 
of the flattened B-type cluster: a=178°, 6=+31°2. 


TABLE V 
Intervals of Galactic No. of Median Galactic) Mean Galactic Residual 
Longitude* Stars Latitude Latitude from Curve 

(Was ae Re ee ere 15 +10° +12° + 2° 
OV UO elec vote een emin ae 13 + 6 =e — I 
PO POG) tacos as eacletN cx cis Mier 19 + 8 +11 + 3 
FA nei Ret aos er cliesioyg CS espe oe 26 + 8 + 5 —I1 
At AON esetn testis aa) oe thee 16 + 2 = 5 —I10 
ROMERO, caves cs lets ia teke alias 22 + 4 + 7 + 4 
GOOG My ons. cne rere anaes 22 + 2 ae 8 + 2 
FOO Lc gts Gere hata ate eo Ais 15 + 4 — 1 ° 
BO OO esas leis apeversunietoe 26 = 3 —O 
GOR AO acute cetera a8 13 = 3 — 2 ae 2 
ESOT TOG erate suid s aucrarttens I4 —I19 —17 —II 
fe pa ION ey eee ee ae Oe 24 — 8 — 4 + 4 
EO aC Wea Ngee hae Tl ae 20 —1O = 9 =O 
OCS Oka eh saaieneiomsudias ae 39 nts —iI0 + 1 
TAOS CAO ta pe ree eral 18 —) 2 —II + 0 
EEO £10 telat Steyn, ene sio.2 14 — 6 —10 + 2 
HOOK LOG Mn acu eteens oeiatie 20 —16 —10 == 2 
i SyLon<1 2710 el coer oe ema 20 —16 — 04) = 2 


* Diametrically opposite regions are combined for this table. 


d) The definiteness with which this secondary Galaxy is deter- 
mined is shown in Fig. 4, where mean galactic latitudes are plotted 
against galactic longitude. The semi-amplitude of the resulting 
sine-curve yields 12° for the inclination of the two planes, and the 
nodes are in galactic longitudes 70° and 250°. The dip of the 
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central plane due to the sun’s position to the north is 5°. If 
stars in the constellation of Orion were deleted from the discussion, 
the result would not be materially affected. The average deviation 
of a mean value from the curve is +2°7. 

e) A discussion of all A-type stars brighter than the sixth appar- 
ent magnitude confirms the foregoing results, showing that other 
spectral classes are involved in the cluster. The inclination 
derived from A stars, however, is only about 4°, probably an indi- 
cation that many general galactic stars are included and also that 
the concentration to the plane of the cluster may not be so pro- 
nounced as for B-type stars. 


Galactic Longitude 
340° 70 160° 250 340 


Galactic Latitude 


— 20 


Fic. 4.—Solution for the inclination of the local cluster to the galactic plane 


f) We have further suggestions that a majority of A stars prob- 
ably belong to this limited cluster, first in Plummer’s discussion of 
the preferential motion shown by their radial velocities and second 
in the observations of Boss and Eddington that the mean parallactic 
motion of these stars is the same in low and high galactic latitude 
although the density is twice as great near the Galaxy. 

g) In Kapteyn’s result that the B stars are members of Stream I 
we also have an indication that some stars of all the later types 
belong to the cluster. 

The work thus far done proves the continuity of the series of the B and A 
and the second-type stars. .... some B stars at least must be regarded as 


members of the Second Stream. It is now found that the remainder—the 
overwhelming majority—belong to the First Stream.t 


Apparently, then, the constituency of Stream I shows the content of 
the cluster. 
t Kapteyn, Mount Wilson Annual Report, 1916, p. 256. 
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h) Gould’s belt of bright stars, as revised by Newcomb,! is 
nearly coincident with this secondary Galaxy. A definite trace of it 
is given by all naked-eye stars when considered together, irrespective 
of type (lucid red and yellow stars contribute little because of their 
uniform distribution in the sky); stars of the ninth magnitude, 
however, give the same pole for the Milky Way plane as is given 
by galactic clouds (Newcomb). 

zt) Cepheid variables extend far outside the limits of the local 
cluster, and the pole of their plane of concentration is identical 
with that for the galactic clouds (Fig. 5). They afford the best 


Y in Parsecs 
80005 s— 2000: — 1000 ° +1000 -+ 2000 +3000 


Fic. 5.—Projection of the positions of Cepheid variables on the same plane as 
in Fig. 3, the sun being at the origin. The small dots represent individual stars, the 
cross a special group in Carina, and the large dots mean values. The inclined line in 
the center represents the projected plane and the probable extent of the local cluster of 
B stars. 


determination yet available of the sun’s distance north of the 
galactic plane—about sixty parsecs. A systematic error in the abso- 
lute magnitude of Cepheids would affect this distance proportion- 
ately, but would not alter the general conclusions. The N-type 
and most O-type stars are sufficiently remote and concentrated to 
the plane to afford a check of the sun’s displacement, if reliable 
individual parallaxes become available. The poles of their planes 
of concentration are apparently identical with the pole derived 
from the galactic clouds.” 

7) The center of the B-type cluster, adopting Charlier’s values of 
absolute magnitude, is more than fifty parsecs north of the galactic 
plane, making the sun less than ten parsecs north of the central 
plane of the B stars (Fig. 3). For this last quantity Charlier 
derived 19.2 parsecs, but his work involves extra-cluster stars that 


t Carnegie Institution of Washington, Publication No. 10, 1904. 


2 Hertzsprung, Astronomische Nachrichten, 192, 261, 1912. 
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apparently are concentrated to the true galactic plane. With 
Kapteyn’s absolute magnitudes of the B’s the distance of the clus- 
ter’s central plane below the sun is still less, and the sun’s distance 
from the local center is less than fifty parsecs. 

k) The evidence that the local cluster is @ dynamical unit and 
has internal motion superposed upon a fairly high translational 
velocity includes: (1) the behavior of the star ratio for spectral 
types B and A; (2) the greatly flattened form of the system, at 
least for the B stars; (3) Kapteyn’s announcement of the accelera- 
tion of Stream I;? (4) Strémberg’s evidence from second-type stars 
of a rotation.around a center approximately coincident in direction 
with the center of the cluster as derived from B stars;? and (5) the 
deviations of the vertices of the various groups of B stars, depend- 
ing upon position in the sky. A study of the last three points, if 
not too much constrained by the magnitude of the observational 
errors, may show whether the internal motion is approximately 
radial or is a rotation in one general direction or in more than one. 

12. Consequences of motion—star-streaming.—The foregoing ab- 
breviated account seems to show conclusively that an open cluster 
surrounds the sun, and that it is comprehensive enough to in- 
clude stars as numerous and varied as the components of a star 
stream. ‘The continuity of the galactic star fields beyond the 
cluster’s limits is strongly indicated by the arrangement in space of 
Cepheid variables (Fig. 5) and other types of distant stars, but 
especially by the distribution of the faint stars of the Bonner 
Durchmusterung (Seeliger, Newcomb) and by the increasing 
galactic concentration with decreasing apparent brightness of still 
fainter stars (Kapteyn, Seares, Van Rhijn). As seen from the solar 
system, therefore, the local cluster, if in motion, must inevitably 
produce star-streaming analogous to that observed; hence it is a 
natural assumption that the recorded systematic motions of the 
local stars are due wholly to such a cause. That the translation. 
through the star field is approximately radial is of some dynamical 
significance, and that it is in the plane of the Galaxy was to 
be expected. The internal motion, on the other hand, probably 

* Mount Wilson Annual Report, 1916, p. 255. 

? Mt. Wilson Contr., No. 144; Astrophysical Journal, 47, 7, 1918. 
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has a maximum component in the plane of the cluster. Unfortu- 
nately the small inclination may make difficult the separation of 
the two motions. ¥ 

The present viewpoint of star-streaming seems to be greatly 
strengthened by the way in which important observed facts agree 
with its requirements. We have mentioned the form and limits 
of the cluster, its stellar content, its motion parallel to the galactic 
plane, the probable acceleration of Stream IJ, and the distribution 
of A-type stars. Two or three other points may be referred to here. 

a) Since the plane of concentration of field stars lies south of 
the sun (Fig. 5), the theory requires that stars of Stream II should 
be relatively less numerous in northern than in southern galactic 
latitudes. In agreement with this Hough and Halm have found, 
from both radial velocities and proper motions, that the stars of 
Stream II are more than twice as frequent near the southern 
galactic pole as near the northern.t. This point appears to be of 
high importance. 

b) As the cluster is of limited extent the proportion of field 
stars should increase with increasing distance from the center. The 
ratio of the number in the first stream to that in the second is 
3 for naked-eye stars (excluding type B); for fainter stars Dyson 
and Thackeray?’ find the ratio $. Stars as distant as 1000 parsecs 
presumably would show only accidental traces of Stream I. 

c) The declination of the apex of solar motion should be sensi- 
tive, on this cluster hypothesis, to the character and average distance 
of the stars involved in its determination. Thus the low declina- 
tions derived from stars of early types, of large proper motions, of 
faint absolute magnitude, of bright apparent magnitude, all indicate 
that the apex with respect to the galactic field lies considerably 
north of the value commonly used. Dyson and Thackeray’s’ work 
on Groombridge stars and Comstock’s! results from the very faint 
‘optical’? companions of double stars perhaps most nearly indicate 
the ‘‘true”’ direction of solar motion. 


t Monthly Notices, 70, 85, 568, 1910; Halm, ibid., 71, 610, 1911. 
2 Tbid., 77, 590, 1917. 

3 Ibid., 65, 428, 1905. 

4 Astronomical Journal, 28, 54, 1913. 
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In many of its features the present hypothesis makes no claim to 
novelty. It includes, indeed, a patchwork of many preceding 
suggestions, but is of course entirely independent in that the prob- 
lem has been approached from the point of view of the recently 
acquired ideas on clusters and on the arrangement and constitu- 
ency of the larger galactic system. Among earlier deductions 
and speculations related to this subject we note that Gould, forty 
years ago, thought his “Belt” of bright stars (inclination 20°, 
longitude of node go°) represented a local cluster of possibly four 
hundred members; but Newcomb’s later analysis attributed the 
whole phengmenon to a few chance aggregations. Hertzsprung and 
Charlier have found the deviation of the galactic pole for B stars, 
the former suggesting that the result might be significant. Perrine 
has noted that one of the vertices lies in the general direction of 
regions rich in globular clusters. An early hypothesis by Hough and 
Halm tentatively identified Stream II with the Milky Way stars. 
Turner’s gravitational hypothesis of the streams assigned the center 
of the universe to the line of star-streaming. Jeans has considered 
theoretically several different possibilities, some of which resemble 
the present suggestions. But in developing this interpretation the 
obligation is by far the greatest to the various discussions of 
theories and observational data by Eddington and Kapteyn. 

If a theory similar to the present one survives the test of future 
observation and analysis, it will be of interest to note how closely it 
approaches Kapteyn’s original statement of star-streaming, so 
far as local phenomena are concerned. The “two cloud”’ hypothe- 
sis of the streams—the “dualistic”? conception of the universe, 
as Charlier calls it—would be a more literal view of the conditions 
near the sun than that given by the ellipsoidal theory of streaming 
—the “‘monistic” conception. But so far as we now see the latter 
may apply better to the galactic system as a whole, and we also have 
a case for the ellipsoidal theory in the internal motions of the local 
cluster. 


Movunt Witson Soar OBSERVATORY 
April 1918 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60-INCH REFLECTOR 


THIRD SERIES 
By ADRIAAN VAN MAANEN 


The work discussed in the present publication differs so little 
in general outline from that of the two previous series of parallaxes? 
that it will suffice to mention only a few details in regard to the 
taking and measuring of the photographs. As before, the two expo- 
sures to be compared have always been made at nearly the same 
hour-angle; the largest difference is 1192, while in only 24 of the 
204 cases is the difference greater than 5°. Since November, 1917, 
many of the plates have been developed with kodelon, the others 
with rodinal. The exposures as a rule were 15 minutes; for 
N.G.C. 224, 5194, and 6720, however, they were 20, 30, and 25 
minutes, respectively. 

In the fields of N.G.C. 224, Boss 660, Boss 3030, and N.G.C. 
5194 it was necessary to use some comparison stars whose distances 
from the central star are greater than 8’; they did not, however, 
exceed 10’, 

In this place we may point out once more the reasons why it 
seemed best to use faint comparison stars near the central star. 
This restatement seems the more necessary since Schlesinger has 
recently made the following remark about the use of the Cassegrain 
reflector for parallax work: 


The photographic refractor has a similar advantage over the Cassegrain 
reflector, a form of instrument that will doubtless play an important part in 
the astrometric work of the future. Here the field of good definition is so 
small that it is necessary to restrict the measures to within a few minutes of 
arc of the optical axis. Thus with the Mount Wilson reflector the available 
field has an angular area that is less than 2 per cent of that of one of the Thaw 
plates. As a consequence it is necessary to use very faint comparison stars 
(since brighter stars will be found in sufficient number within this small region 


t Mt. Wilson Contr., Nos. 111 and 136, 1915 and 1917. 
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only as the result of a rare chance), and the length of exposure that this makes 
necessary is several times as long as with the visual refractor and many times 
as long as with the photographic refractor. 


In Schlesinger’s paper I find no evidence that the available 
field of the Thaw refractor is 50 times that of the Mount Wilson 
Cassegrain reflector. In both previous series of parallaxes I have 
shown that in using fields of 10’ radius there is no vitiating influence 
of quadratic terms; that this holds for this third series also is 
shown on page 34. The Thaw refractor accordingly should have 
a field of 70’ radius available for accurate measures. But it is not 
clear that this is the case, as the comparison stars used in the 
paper cited are all within 32’ distance of the center; on the other 
hand, from the several discussions of plates taken with other photo- 
graphic refractors, viz., those of the type used for the Carte du Cvel, 
we know that for fields of 60’ radius and even smaller the quadratic 
terms become very considerable and in accurate work cannot be 
neglected.?, In an unpublished discussion of the proper motions 
derived from plates taken with the Yerkes 4o-inch refractor it was 
also found that even there, although the field has a radius of only 
22’, the quadratic terms cannot be neglected if the highest accu- 
racy is required. On the other hand, it is not impossible that fields 
of considerably greater radius than 10’ could be used successfully 
with the Cassegrain combination of the 60-inch reflector; the matter 
has not been investigated simply because larger fields have not been 
required. The point is that reasons quite other than those of 
instrumental limitation have determined the use of faint comparison 
stars for these investigations. There are considerable advantages 
connected with such a procedure: the larger number of stars at 
our disposal makes it easier to fulfil the requirements for the most 
accurate work, viz., that the mean magnitude of the comparison 
stars should be about the same as that of the reduced parallax star; 
that there should be only a small range in the magnitudes of these 
stars; and that their centroid should coincide closely with the 
parallax star. An additional advantage is that we can use more 


* Publications of the Allegheny Observatory, 4, 1, 1917. 


* See, for instance, Kapteyn, Publications of the Astronomical Laboratory at Gron- 
ingen, No. 1, 1900; van Maanen, Recherches de l’Observatoire d’ Utrecht, v. 5, IQIl. 
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comparison stars. This last fact is of importance, not only for a 
discussion of internal systematic errors, but also because it un- 
doubtedly increases the accuracy of the results. There are several 
reasons for this: the greater the number of comparison stars the 
smaller will be the influence of an accidental error in any one of them 
on the final parallax; the fainter the stars the smaller the chance 
that any of them have considerable parallaxes or proper motions, 
which would be vitiating to the results; the larger the number that 
can be used the smaller the influence of any abnormal parallax or 
proper motion, while at the same time it is easier to identify stars 
having these peculiarities and, if necessary, reject them. Finally 
there is less uncertainty in the absolute value of the mean parallax 
of the fainter stars than in the case of the brighter stars, and the 
reduction from relative to absolute parallax will be therefore more 
accurate. 

Since the parallax program of this observatory includes prin- 
cipally stars and nebulae of presumably small parallaxes, it is 
necessary to take every precaution to attain the highest possible 
accuracy; for this reason it was decided to give relatively long 
exposures in order to obtain the advantages gained by the use of 
faint comparison stars. 

Although the focal length of the instrument used at Greenwich 
is relatively short and the number of exposures less than that of 
most of the other observatories, the probable errors found for the 
series of parallaxes published by the Greenwich Observatory* are 
relatively small; and this circumstance is undoubtedly due to the 
fact that the observers have also used more, fainter, and nearer 
comparison stars than is usually the case. 

The detailed results for each field of the present series are col- 
lected in the tables, which are arranged in the same way as in the 
previous papers. 

SUMMARY OF RESULTS 


The results of these twenty-five fields are collected in Table I, 
which corresponds to the analogous tables in the previous papers. 
At the end of the table are the results of six objects not contained 
in Boss’s Preliminary General Catalogue. 

t Monthly Notices, 75, 592, 1915. 
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The magnitude for Nova Persei was derived from the Mount 
Wilson plates and is on the scale of Lick Observatory Bulletin, No. 8; 
the magnitude for B.D. +36°3956 is that given in the Bonner 
Durchmusterung, while that for the central star in N.G.C. 6720 is 
the value given by Barnard.* 


TABLE I 

Numberin Boss |, Mag. | spectrum | BM- | Relative | pz. Moll u, Boss | 2, vm | BOM 
TOW haneee 5.58 |Mb(G7) | 07064 | +07%012| o%005 | 16 |—07%038 | —o%050/+- 07012 
actin crc eenie 5.62 |Ma(G7)| 0.062 | +0.013] 0.005 | 16 |+0.030 | +0.015|+0.015 
GOOman co ees 5.94 |Mc(G8) | 0.018 | +0.009} 0.006 | 16 |—0.009 | —0.007/—0.002 
GiB ae Ate A 6.48 Ki 0.042 | +0.029] 0.005 | 16 |+0.038 | +0.048}/—0.010 
PEGA soe ero oer S307 Ma* | 0.034 | +0.007| 0.002 | 14 |+0.028 | +0.041/—0.013 
1643 here ole 5.88 Kr 0.019 | +0.015| 0.005 | 20 |+0.019 | +0.015|-+0.004 
TB 22 ee ee ara tte 5.60 G5 0.087 | +0.034] 0.004 | 16 |—0.054 | —0.054| 0.000 
2245 ee cae 5.75 |Mb(G4) | 0.116 | +0.027| 0.005 | 16 |—o.025 | —0.030!+0.005 
Bs Samo onde ee Mb(G7) | 0.022 Pine 0.009 ar —o.016 (eee +o0.020 
DAAOr Meret 26 * 0.018] 0.007 | 14\|_ —0.134/—0.027 
se NO a ot Fs G.16% \+0.016] 0.006 | 16f 0.161 \—0.117/—0.044 
BOOO A aekerist iy: 5.99 K* 0.068 | +0.004] 0.006 | 16 |+0.027 | +0.035|/—0.008 
oO dean ees Bae Go 0.078 | -+0.022) 0.007 | 14 |—0.078 | —0.067/—o0.o11 
BIO0 sneer 6.13 Kr 0.189 | +0.026] 0.005 | 18 |+0.045 | +0.029/+0.016 
BOSS ee 6.22 Ks* | 0.122 | +0.023] 0.005 | 16 |—o0.004 | —o0.006|+0.002 
AZAR eer. 6.75 |Mb(G7) | 0.058 | +0.007| 0.005 | 20 |+0.039 | +0.027/+0.012 
GOSS samreehinas re st B2 0.015 | +0.007] 0.005 | 16 |+0.006 | +0.003|-++0.003 
BAOO chee ine 5.96 Ma* | 0.075 | +0.007; 0.004 } 16 |—0.034 ; —0.043|+0.009 
GBOO2 mice 6.48 K2 0.148 | +0.003| 0.005 | 14 |+0.147 | +0.143/+0.004 
OL202h cee 6.55 K3p | 0.332 | +0.097| 0.004 | 18 |+0.329 | +0.312|/+0.017 
Nova Persei 

INOn oe esnee I OUR aeereecree =t-O2007|)'O, O04) et aml a eieeyes =O OL, ee 
B.D. +36°3956| 8.0 (@)iee an Gace —=On OOS "OOOOH 2ON nese raete =l-ONOO7I Ne sierers 
INH CAC. Bey g alls aid SDN Dslaeeenae +0.004| 0.005 | 16 |........ =~ OOH 3 | aeaareten 
N.G.C. 2392 OrAz ae aNebsiteranems =+-6.020|| On003' la TS. aera —0.006]....... 
INCHES BiG es alleen nad SDalNeDs aurea =1-O8O05| OLOOSm EEO ner aatae —©. O08) aces 
IN; G{CNIO720mn | 53 50mel EN eb: | eee a reneer) cerxeers |) WA ka aed TCHS a choo os 


The mean number of exposures is 16; the mean probable error is 


0”0052. The correction necessary to convert the relative into 
absolute parallaxes is +0”002. ‘ 

Some of the fields give occasion for the following remarks: 

a) The field of Boss 2378 also contains Boss 2380=55 Cancri. 
A faint star 1‘ 1 east and 0’9 south of 55 Cancri was included among 
the comparison stars; during the measurement it soon became 
evident that this star has a considerable proper motion; accordingly 

* Monthly Notices, 66, 109, 1906. 
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it was rejected for comparison purposes, but the parallax and 
proper motion were derived with respect to four stars in the neigh- 
borhood; the results are: + 


Tre}, = +07042+0"018 
M=0" 541 in p= 242°5! 


The star is probably a companion of 55 Cancri, which has w=0755 
in p=243°9. 

b) B.D. +36°3956 is the third of the Wolf-Rayet stars whose 
parallaxes were first derived by Kapteyn;? the parallaxes of B.D. 
+35°4001 and B.D. +35°4013 were published in a previous paper.’ 
On account of the proximity of these three stars of this type we may 
suppose that in reality they are close together and have the same 
parallax; the mean absolute parallax as derived from the Mount 
Wilson plates is +070047. The absolute magnitudes would accord- 
ingly be +1.9, +1.4, and +1.4, or, in the mean, +1.6. If on 
the other hand we accept the hypothesis that the absolute magni- 
tudes are the same (we know that the dispersion is very small for 
stars of this type), we may use a formula, derived by Mr. Stromberg 
for computing mean absolute magnitude, viz.: 


M=s5 log (2 mo10-°°?™ )— 5 log (2 10-°°4 ™), 


where 7, is the observed parallax and m’=m+5. The result for M 
is then +1.2. 

c) The absolute parallax of Nova Persei No. 2, +07%009, is in 
agreement with the parallaxes found by other observers, viz., 
+0”028+ 0/020 by Hasenstein, —0”003+ 07023 by Chase, +07036 
+o0”’o10 by Bergstrand, and +0”007+0%004 by Kiistner. The 
weighted means of these five values is +07013+07004. This 
agrees well with the values derived from the motion of the nebu- 
losity in the early days of the famous star; from these Bell found 
m@ 20020, Kapteyn +0/o11, Seeliger +0/’o10, and Very >07’025. 

t Publications of the Astronomical Society of the Pacific, 30, 191, 1918. 

2 Publications of the Astronomical Laboratory at Groningen, 1, 1900. 

3 Mt. Wilson Contr., No. 136; Publications of the Astronomical Society of the Pacific, 

_ 28, 279, 1916. 
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For only two other novae are parallaxes available, viz., for 
Nova Geminorum No. 2: Tabs. = +0%01207007 by Slocum and 
—o’013+ 0/7013 by Miller; and for Nova Lacertae: Tabs. = +07%013 
+0”o12 by Slocum and Mitchell and 07000+ 07020 by Balanowsky. 
The weighted mean parallaxes are accordingly +0003 0/008 and 
+o0”008+0”004, respectively. Using these we find the absolute 
magnitudes at maximum and minimum as given in Table II. The 
mean absolute magnitudes at maximum and minimum are therefore 
—2.9 and +6.9; this is of interest in connection with the appear- 
ance of new stars in spiral nebulae. As to their minima, we can 
only say that they are below the twentieth or twenty-first apparent 
magnitude; the mean maximum of the 15 novae in spirals, which 


TABLE II 
Object Tabs. max eo. oO oe 
Nova Persei No. 2...... +o0%o13 0.0 +13.0 —4.4 +8.6 
Nova Gem. No: 2... 2... +0.003 357 +12.3 —3.9 +4.7 
Nova Lacértae. 7.0). +0.008 50 sae —0.5 +7.5 


are now known, is +14.7 mag. Supposing that they reached 
the same absolute magnitude at maximum as the three novae for 
which parallaxes are known, we derive +0700003 for the mean 
parallax of the spirals in which they appeared." 

The three novae for which the parallaxes are given in Table II, 
are, however, among the brightest found since the first discovery 
of a nova in a spiral nebula in 1885. The exclusion of the novae 
found before this time may seem arbitrary, yet when we keep 
in mind the fact that the new stars in spirals appear to be at least 
five magnitudes fainter on the average than those found in the 
Milky Way, it is clear that the chances for their discovery in the 
early days were extremely small; it thus seems allowable to use 
only the more recent material in a comparison of the two kinds of 
novae. Comparing therefore the two bright novae found in the 
spirals, which attained an apparent magnitude of 7, with the brighter 

* This value is of the same order as the parallaxes derived by Shapley for the 
globular clusters, which appear unquestionably to be members of our galactic system. 
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ones in the Milky Way, we find a parallax of 0”ooro for those spirals. 
The two parallaxes, 0”00003 and o”oo1o0, based on different sup- 
positions, would give velocitjes of 3400 and too km per sec., respec- 
tively, corresponding to the internal motions found by Kostinsky 
and the writer in Messier 51, ror, and 81. Neither of these values 
seems to be impossible, while the parallaxes required by the 
island-universe theory lead to highly improbable velocities for the 
internal motions, to corroborate which we can only regret that no 
more material is available. 

A discussion based on the magnitudes of novae has, however, 
certain weak points: we know from the objects discovered in the 
Andromeda Nebula that the dispersion at maximum is consider- 
able—at least 10 magnitudes; moreover, unless we accept the 
island-universe theory on other grounds, there is reason to expect 
quite different absolute magnitudes for novae within and outside 
of the spirals. 

d) The results for the parallaxes of N.G.C. 224 and 5194 given 
in Table I are larger than most astronomers will like to accept; 
but, although the exposures show images of the central parts of these 
two spirals which are fairly measurable, it seems that the diffuseness 
of their images as compared with those of the comparison stars may 
easily have introduced a systematic error of the order of the 
parallaxes themselves; the only conclusion indicated by these 
values seems to be that the parallaxes of the two spirals can hardly 
surpass 07010 or OVOIS. 

e) This difficulty does not hold for the central stars of the three 
planetaries for which the measures have now been finished; 
here the images are quite sharp and as good as those of the sur- 
rounding stars. Incidentally it may be mentioned that in the case 
of N.G.C. 2392 a sector of 36° opening was required in order to cut 
down the magnitude of the central star. 

There are available determinations of parallaxes of planetaries 
by other observers: for N.G.C. 2392, —07’036 by Bohlin; for 6543, 
+0”’066 by Briinnow and —0/046 by Bredichin; for 7027, about 
—o’100 by Wilsing; for 7662, —0”%063 by Wilsing-Huss; and for 
6720, +0%067 and +0015 by Newkirk. Only the last of these 
values seems to deserve much weight. 
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Including Newkirk’s second determination for N.G.C. 6720, 
we may use the parallaxes as given in Table III to derive data 
on the size of these planetaries and the absolute magnitudes of 
their central stars. 

The mean absolute magnitude is accordingly +7.9, a result 
strikingly close to the absolute magnitude +6.9 found above for 
the novae at minimum; the fact demands the more consideration, 
as the spectra of the two kinds of bodies show much resemblance. 
Caution should be used, however, in drawing any far-reaching con- 
clusion, both on account of the scarcity of the material as yet 
available and because considerable difficulty is encountered in 
deriving any conclusion which involves absolute magnitudes of 


TABLE III 
Object Tabs. Mag. Diameter M Renin 
INEGI @ 582302 aan eee +0%022 9.4 46” +6.1 0.03 
OF720 eee +o.008 13.6 80 +8.1 0.16 
FOOD nace see +0.023 12.6 31 +9.4 0.02 


bright-line stars. It is noteworthy that in both cases we find evi- 
dence that these bright-line stars are of faint absolute magnitude, 
while the regular stars of type O have very high luminosities; 
thus for the three Wolf-Rayet stars, whose parallaxes were measured 
at Mount Wilson, we have found M=+1.2. For 10 other O-type 
stars, parallaxes by other observers are available; the mean abso- 
lute parallax is negative, viz., —0o’007, while the mean apparent 
magnitude is 6.55; these results also point to very high lumi- 
nosities. From parallactic motions Gyllenberg' derives an abso- 
lute magnitude of —1.2 for the O-type stars, while Hertzsprung? 
finds —2.8. 


* Arkiv for Matematik, Astronomi och Fysik, 11, No. 28, 1917. 


2 Astronomische Nachrichten, 196, 201, 1914 
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N.G.C. 224 a=o0837™778 5=+40°43’ 
Pl. No. Date t goes Qy p m Remarks 
1166 ../1916 Nov.17 |— 2°5 | vM g |—o0.644 |+1.88 
EEO Fe 17 |+ 3.0 H g |—0o.644 |+1.88 | Thick 
DEA we 18 |— 0.2 | vM fg |—o0.655 |+1.89 | Hazy 25™ exp. 
DD aee 18 |+ 7.2} vM fg |—o.655 |+1.89 | Hazy 25™ exp. 
1485:..|1917 July 29 |— 9.0] vM fg |+0.837 |+2.58 
14852. . 29 |— 4.0 H fg |+o.837 |+2.58 
1403... Aug. 10 |— 8.5 | vM g |+o.737 |+2.61 | Trail of Boss 141 
1494 .. TO j—— 1297 0 od g |+o0.737 |+2.61 | Clouds 25™ exp. 
1509... Er |= 25) | vM fg |+0.729 |+2.61 
E> TOs < TP yes H fg |+0.727 |+2.61 
PST E te Ir j+12.7 | vM fg |+o.727 |+2.61 
FS 2009 T2 |— O22 H g |+o.719 |+2.62 
1606 .. Nov. 8 |— 3.0) vM fg |—o.534 |+2.86 | Hazy 28™ exp. 
LOOT” ~. 8 |+ §.7 1B fg |—o.534 |+2.86 | Hazy 30™ exp. 
1620... Dec. 6 |— 2.5 H pf |—o.812 |+2.93 | 35™ exp. 
t022°.: 7|— 1.5 H pf |—o.82r |+2.94 | 35™ exp. 
Mor.-Ev. Aap Am M v At 
1485:-1606...| +1.37 —o.28 — 1 — 6 —62%0 
1493-1620...) -- 1.55 —0.32 +20 +13 —6.0 
14852-1622...| +1.66 —0o.36 —14 —21 —2.5 
4494-11660...) --1.38 Ons — 9 — 6 +0.8 
D520 Teas 4-7 +0.73 +9 +12 0.0 
1509 —-1167...| +1.37 +0. 73 +7 +10 =—1.5 
I5IO—-I175...} +1.38 +0.72 —16 —13 0.0 
T51E —1007...| 4-1-2060 O25 +23 +18 70 
+2.48 wat 2.2007=—14 mw =+2.5=+0"%004+0" 005 
+2.20 wat16.197=+24 Ma=—7.9=—0.013+0/011 
Comp. Star Br. % y 7 PE. 
TiN ae fae ee bf —6!o +2'5 | +0%017 +0"006 
Te Ah Brea bf —1.8 +4.5 —o.o1I 0.007 
Aone atest: f +3.2 +3.2 —0.001 0.012 
AON eese nea bf +6.0 +o.4 | +0.013 0.006 
Fe aoa eerer f +5.5 —1I.9 —©),012 0.006 
Oeste. ras bf +1.2 —3.6 | +0.o11 0.011 
iG oe f +o.1 —2.6 -+o.oo1 0.011 
8 ae aig: b —2.1 —0.3 —0.010 0.01 
0, Paaeeheert ats bf —7.8 —2.3 —0.005 +0.006 
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Boss 161 a=ohgr™rg8 6=+14°56’ 


Pl. No. Date t Obs. Qy P m Remarks 
1083 ..|1916 Aug. 5 |+ 3°0| H fg |+o.790 |-+1.60 
I173r.. Nov. 18 |—16.7 | vM fg |—0.643 |+1.89 | Hazy 20™ exp. 
0173925 18 |—10.5 | vM fg |—o.643 |+1.89 | Hazy 20™ exp. 
1188... Dec. 16 |+ 2.5 | vM g |—0.867 |+1.096 
1188... 16 |+ 6.5 H g |—o.867 |+1.06 
1206 .. 17 |+ 2.5 | vM g |—o.872 |+1.96 
1s08:../1917. Aug. 11 |—10.5 | vM g |+o.740 |+2.61 
15082... Ir |— 6.2 H g |to.740 |+2.61 
1518. . 12 |—17.7 | vM g |+o.730 |+2.62 
I5182.. 12 |—13.5 H g |+o0.730 |+2.62 
DSTO ee 12 |— 9.0 | vM fg |+o.730 |+2.62 
T533rc Sept.12 |+10.5 | vM fg j+0.338 |+2.70 
TS 33a ~ 12 \|+15.0| H fg |+o.338 |+2.70 
1608 .. Nov. 8 |+13.2 | vM g |—0.520 |+2.86 fede exp. 
Tal 
16371... Dec. 8 |— 9.0] vM g |—o.821 |+2.94 
16372.. 8 |— 4.5 H fg |—o.821 |4+2.94 
Mor.-Ev. Ap Am M 0 At 
1518:-1173: ..| +1.37 | +0.73 + 2 +14 | —1°%0 
ThISs- 11739 eles L137. --0.73 —29 —=17 Sie) 
1508;-16371 ..| +1.56 —0:33 +27 = 10 Ts 
1519 —16372 ..| +1.55 —0.32 +40 +19 —Al5 
1508-1206 ..| +1.61 +0.65 + 8 +16 —8.7 
1083 —-1188; ..| +1.66 —0.36 ° —23 +0.5 
15331-1188, ..| --1.21 +0.74 — 28 —I4 +4.0 
15332-1608 ..| +0.86 —o.16 + 2 — 9 +1.8 


+2.40 Met 2.2007=—58 w =+ 7.2=+0"%012+0"005 
+2.20 wot16.147=+48 Ha= — 30.6=—0%050+0"014 


Comp. Star Br. % y 7 P.E. 
Teer: bf +312 +615 —oo13 +0004 
PRE oi URE f +4 .1 +2.6 +0.0098 ©.009 
BL etncne f 2.9 —o.8 —0.004 0.006 
Arenas bf +0.4 —7.1 +o.o11 0.003 
Gi, Roamans f —1.0 —6.5 —0.012 ©.007 
Ooh eee ff —2.7 —3.4 —0.010 0.OIL 
Uri epee ee f +1.6 +2.1 +o0.021 0.008 
Sit eaka ee: b | —4.4 50 —0.003 +=0.006 
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Boss 582 a= 2hagmy 38 b6=+34°15’ 
Pl. No. Date Obs. Qy p m Remarks 
I1r2;../1916 Sept. 20 |— 6°2 | yM fg |+0.636 |+1.72 
A ped 20 |— 1.7 H g |+0.636 |+1.72 
IIQor.. Dec. 16 |— 4.0 | vM g |—0.658 |+1.096 | Trail 
LIQO2.. 16 |+ 0.5.| H fg |—o0.658 |+1.96 
1208;.. 17 |— 6.5 ist g |—0.670 |+1.96 | Trail 
12082. . 17 |— 2.0| vM | vg |—0.670 |+1.096 
I220:.. 18 |— 9.0 H fg |—o.681 |+1.97 
12202... 18 |— 5.0| vM fg |—o.681 |+1.97 
1§34:..|1917. Sept.12 |— 6.0 | vM fg |+o.732 |+2.70 
TS34a. . 12 |— 1.7 H { |+0.732 |+2.70 
1548... 13 |— 4.0] vM g |+o.719 |+2.70 
1548... 13 0.0 H g |+o.719 |+2.70 
1550r.. 14 0.0 | vM g |+0.709 |+2.71 
I5502.. 14 I+ 4.2 H g |+o.709 |+2.71 
1625:.. Dec. 7 |— 3.5 | vM fg |—0.542 |+2.94 | 20™ exp. 
16252.. vii ey ee H fg |—0.542 |+2.094 | 20™ exp. 
Mor.-Ev. Ap Am M 0 At Remarks 
II1I2;-1220r...| +1.32 | —0.25 +12 + 4 +2°8 
15341-1208:...} +1.40 | +0.74 +10 — 8 +0.5 
1548:-12202...| +1.40 | +0.73 +31 13 1.0 
EiT2--1100x../.| 2-20) | 0224 +20 +12 +2.3 
15342-16251...] +1.27 | —0.24 — 7 —I5 +1.8 | Star 7 not measured 
1548.-1208...] +1.39 | +0.74 +33 +15 +2.0 
I55Qx-11902...| +1.37 | +0.75 a2 20 =0:5 
£5502-10252..-| -+-1-25 | —0-23 + 3 — ag 2.0 
+2.42 pot 2.897=+ 45 wm =+7.7=+0%013+0" 005 
+2.89 wat14.307T=+137 Ma=+9.4=+0%015+0%012 
Comp. Star Br. x y 7 P.E. 
ne er eee bf +0/3 +4r/1 0”000 +0"004 
ie ater Soe f +1.1 +2.1 —0.00o1 0.009 
area aint bf +3.2 +4.8 +0.002 0.008 
Asani ties. f +6.2 0.0 +o.006 0.007 
ee bf +2.1 —3.6 —0.015 0.009 
One ie oe f +1.4 —6.9 +0.009 0.007 
Whee ages f —2.6 —3.3 —0.009 0.011 
Onesie ts bf —5.4 —3.2 +o.009 0.008 
Oormmene f —3.8 +4.0 | +0.005 0.007 
TO neo eens bf —2.2 +4.3 —0.008 +0.012 
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I2 
Boss 660 a=2hcomr18 6=+17°56’ 

Pl. No. Date t Obs. Qy p m Remarks 

1094 ..|1916 Sept.19 |— 5°7 H fg |+o.715 |+1.72 

1005 .. 19 |— 1.0| vM fg |to.715 |+1.72 | Trail 

T1QIr.. Dec. 16 |+ 2.0} vM g |—o.601 |+1.96 

TIQI2.. 16 |+ 6.2 H g |—o.601 |+1.96 

1200r.. ay) 0.0 H g |—o.615 |+1.096 

12002. . 17 /+ 4.5 | vM g |—o.615 |+1.96 

1230r.. 18 |— 4.0 H g |—o.627 |+1.07 

12302.. 18 0.0 | vM © | |=—0.627 4-507 

I535r.-|1917 Sept.12 |— 1.0 | vM g |+o.792 |+2.70 

152 Gane 12 |+ 3.5 H f,as |+0.790 |+2.70 

I540x.. 13 |+ 1.0] vM fg |+0.780 |+2.70 

15402. . 13 I+ 5.5 H fg |+o.780 |+2.70 

1560;.. 14|/+ 5.7| vM g |+0.770 |+2.71 

1560p. . 8 ee H g |-+-0.770 |4-2.72 

1641z.. Dec. 8 |+ 4.2} vM fg |—o.489 |+2.94 

16412.. 8 |+ 8.5 H fg |—o.489 |+2.94 

Mor.-Ev. Ap Am M v At 

1094 -1230; ..} +1.34 —0.25 — 1 —I0 —1°7 
TOQ5|=1200r one ke33) — Ong 21 --12 —1.0 
15351-12302 ..| +1.42 | +0.73 + 2 — 3 | -1.0 
1540:-119ix ..| +1.38 +0.74 —17 —22 —I1.0 
15352-1641: ..| +1.28 —0.24 +ar +13 —0.7 
15492-12092 ..| +1.40 | +0.74 ar ev ape. | apts 
D5OOr-L1O12 9s) tr Ee 37) lit OLS + 8 + 3 —0.5 
15602-16412 ..| +1.26 O13 —I10 —18 +1.2 


+2 42pMo+ 2.877=+ 6 


mw =+5.7=+0%009+0" 006 


+2.87 pot14.567=+70 a= —4.3=—0"%007+0"014 

Comp. Star Br. x y 7 P.E. 

Teh ey ff +9'6 o!o0 6| —o%007 0007 
2 echee ites f +0.5 —2.7 +o.o11 ©.009 
Be deals His f +-1.2 —8.2 —0.007 ©.005 
Ait Seen naan te f —8.9 +1.0 —0.009 0.007 
5s eens f —I.I +2.1 +0.019 0.013 
OSes bf —0.3 +3.4 +o.002 0.008 
Ae nae ff —I.I +6.0 —o.0o10 O.OIL 


246 


DETERMINATION OF STELLAR PARALLAXES 


13 
Boss 712 a= 3zhamyzs 5=-+18°25/ 
Pl. No. Date t Obs. Qy p m Remarks 
es 
745r..|1915 Oct. x |+ 580 | vM g |+0.620 |+0.75 
Fe Gy Se t |+10.0 H g |+0.620 |+0.75 | Trail 
T19g2;../1916 Dec. 16 |+ 9.0] vM g |—0.563 |+1.96 
IIQ22.. 16 |+13.0 H fg |—o.563 |+1.96 
T2TO;.. 17 |+ 7.7 H fg |—o0.576 |+1.96 
T2503... 17 |+72.0 | vM g |—0.576 |--1.06 
DEST h. . 18 |+ 3.0 H fg |—o0.589 |+1.97 
L295 os 18 |+ 7.0] vM g |—0.589 |+1.07 
1536:../1917 Sept.12 |+ 6.5 | vM fg |+o.822 |+2.70 
15362. . 12 |+10.7 H f,as |+0.822 |+2.70 
PRA 70. 12 l+ts.0 vM fg |+o.822 |+2.70 
T550r.. 13 |+ 8.5 | vM fg |+o.811 |+2.70 
TS5O>... 13 |-+-13.0 H fg |+o.811 |+2.70 
lye eo Oct. 8 |+ 9.5 | vM | g,as |+o.521 |+2.77 
1642:.. Dec. 8 |+11.7 | vM fg |—0o.447 |+2.94 
16422.. 8 [r15-7 H fg |—0.447 |+2.94 
Mor.-Ev. Ap Am M v At 
7A45x-1231r ..| 1.21 —1.22 — 36 —22 +2°%o 
¥536:-123% ..| --1.40 One +59 apa) —0.5 
I55O:-1210;x ..| +1.39 +0.74 +54 +7 +0.8 
1573-1192: ..| +1.08 +0.81 aes =) =-0:5 
7452-12102 ..| +1.20 a eon = + 8 — 240 
15362-1642: ..| +1.27 —O.24. ape ap & His (0) 
T550:-11922 ..| -—-1.37 +0.74 +34 —12 0.0 
DRS 7k OACa | ee 7, —0.24 =—j-32 +16 —0.7 


+5.36 Mat 0.417=+166 
+0.41I Ma t13.097= +246 


a =+17.8=+0%029+0"005 
Ma=+29.6=+07048+0%008 


Comp. Star 


Br. 


meh eh Oo eh Te 


bf 


x y 7 P.E. 
+1/5 ‘| +21 | —o%020 | +o%or2 
+4.1 2.1 —0.005 0.004 
+7.0 —2.3 +0.020 0.014 
+0.3 —4.4 —0.005 0.009 
3.5 —5.6 —6.013 0.017 
—3.7 — 2k +0.025 0.010 
—2no —0O.4 —0.002 0.010 
—3.0 0.0 —o.008 0.008 
—1.6 +5.8 —0.010 ©.006 
—1I.1 +5.8 +0.019 +0.005 


14 ADRIAAN VAN MAANEN 


Nova Persei a= 3h24mo4s 5=+43°34’ 


Pl. No. Date t Obs. Qy p m Remarks 

670../1915 Aug. 31 |—14°0 |] H fg |+o0.984 |+0.67 

698 .. Sept. 2 |/— 2.2} H fg |+0o.939 |+0.67 

7 2Gres 30 |+ 2.5 | vM g |+o.704 |+0.75 

72840. 30) |= Ony, ic fg |+o.704 |+0.75 

792 ..|1916 ‘Jan. rr | 75.5 | vM f |—0.796 |+1.03 

TOSI ir |+11.0 | vM fg |—o.798 |+1.03 

804... 12 |+ 5.2] vM fg |—o.806 |+1.04 | Clouds 

1232:.. Dec; 18 |4-'01.0 H g |—0o.522 |+1.97 

12322.. 18 |+13.0 | vM g |—0.522 |+1.97 

1561r..|1917 Sept.14 |+ 8.5 | vM fg {i+0.856 |+2.71 

15612.. TA eben s H fg |+0.856 |+2.71 

Ts 4ee Oct. 8 |--13.2 | <Pt fg |+0.507 |+2.77 

1653 ..|1918 Jan. 5 |—10.0| vM g |—0.743 |+3.02 

1671... “6 |—12.7 JH&vM| fg |—o.755 |+3.02 | Clouds s50™ exp. 

Trail of Boss 805 
Mor.-Ev. Ap Am M 0 At 

728:- 804 ..| +1.51 | —0.29 +15 +6 | —2°7 
uN FOP & ll GeO +1.68 —TO ae ot 350 
WASSER || Spar Sie +43 +25 — 23 
DSO 703 eerie Ee OS ale tb OS 0 One ctotas, 
DS 7A hls 27a ec hee +o.80 — 2 + I +0.2 
O70 TO 7T eas le te O —2.35 +19 —13 Sai 
698 -1653 ..| +1.68 E85 +27 = +729 


+18.89 wo— 3.45 7=—215 mw =+ 4.1=+0%007+07004 
— 3.45 Mat16.19 r=+103 a= —10.6=—0"017+0"003 


Comp. Star Br. x y T PE: 

Lieve ante f +2'3 +1/2 | +o0%018 +0"012 
De f =e n0 -+1.6 -+o.009 0.O1I 
Bee ee f +3.7 +2.2 —0o.008 O.OIL 
ACPRe treks ote f =f —o.8 +o.007 0.006 
Seat hater f +2.6 —I.I —0.023 0.007 
Ogee ae bf —3.7 —3.8 —o.006 0.004 
Feet entaae bf —4.4 —1.5 +0.015 0.006 
Suenos f Phe +1.2 —0.001 ©.007 
Orig meee bf —3.4 +2.1 —0.015 +0.006 
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15 


DETERMINATION OF STELLAR PARALLAXES 
Boss 1154 a=4>48™zo8 d=+2°ar! 
Pl. No. Date t Obs. Qy p m Remarks 
1116 ..j1916 Sept. 20 |— 2°5 | H g |+o.965 |+1.72 
LISS ro Oct. 21 |— 6.5 | vM fg |+0.697 |+1.81 | Hazy 25™ exp. 
11332... 2r |-F 1.5 H fg |+o.697 |+1.81 | Hazy 25™ exp. 
1254:..|1917. Feb. 12 |— 6.5 | vM g |—0.923 |+2.12 
I2542.. 12 |— 2.5 H fg |—o.923 |+2.12 
T25cy.. 12 I+ 2.5 | vM fg |—o.923 |+2.12 
I255o.. 12 |+ 6.7 H fg |—o.923 |+2.12 | Trail 
Manes 13 |— 6.5 | vM fg |—0.930 |-+2.12 | 20™ exp. 
1274r.. 13 |— 1.0 H fg |—0.930 |+2.12 | 20™ exp. 
N27 45. 13 |+ 4.5 | vM fg |—0.930 |-+2.12 | 20™ exp. 
T5755. Oct. 8 |— 1.0 | vM fg |+o.841 |+2.77 
Ae 8 |+ 3.0] vM | g,as |+0.841 |+2.77 
I5Q1r.. 24 |+ 2.0] vM fg |+0.663 |+2.82 
T5912. . 24 |+ 6.5 H fg |+0.663 |+2.82 
Mor,-Ev. Ap Am M 7) At 
1133:-12541..] +1.62 | —o.31 —I0 —9 ofo 
MON vey ng | Gergo@ey lll ey. = € Sy | ap 
1575:-12542..| +1.76 | +0.65 +19 bedhead is ws 
evr Cy Bl) Seite |) Sash: nO spite) |) Gras 
PhO 25574 ct E50) \aat-O- 70 +30 se 8 || =OnG 
eis aie oh ama || sess +26 ap || S.& 
15QI2-12552.-| +1.59 | +0.70 +21 =i || One 
+2.17 Mot 2.747=+ 66 gm =+ 4.1=+0%007+07002 
+2.74 wat 20.18 7=+153 be=+25.3=+0%041+0"006 
Comp. Star its y 7 PE. 
5 A ence bb +o!'5 +4'o0 | —o%014 +0"009 
CERES Cree f +3.0 +37 +0.008 0.005 
Beenie f +5.4 —1.8 —0.001 0.007 
een Tee bf +4.4 —4.7 +o.o11 0.007 
Cistccops case f —1.0 —3.0 —0.024 0.006 
PCE Sore © f —2.5 —0.7 +0.005 0.008 
i foeaceoertie b —5.9 +0.3 +o.012 0.006 
Srp hs f —2.1 +1.9 | +0.002 +=0.003 
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16 ADRIAAN VAN MAANEN 
Boss 1643 @=6524™578 6=+78°s’ 

Pl. No. Date t Obs. Qy p m Remarks 

299 ..|1914 Oct. 11 |—11°5 | vM fg |+o.971 |—0.22 

BOOmn II |— 6.2 H fg |+o.971 |—0.22 

3401. . 14 |—11.0] vM | |=]5079000))|—on 2 

3402. . 14|— 7.0| vM fg |+o0.960 |—o.21 | Trail 

47s ..|1915 Feb. 7 |— 0.2 jvM&H| f |—0.668 |+0.11 | 2 exp. superposed 

476r.. 7 i+ 7.5 | vM fg |—o.668 |+o0.11 

4762... 7 N25 H fg |—o.668 |+0.11 

490r. . Mar. 8 |— 8.0 | vM g |—0.942 |+0.19 

4902. . 8 2uOn eval g |—0.942 |-+0.19 

1153 .../1916 Nov. 16 8.5 | vM g |+0.648 |4+1.88 

I182:.. 18 |— 9.5 | vM fg |+0.622 |+1.89 | 20™ exp. 

1182... 18 |— 3.2 | vM { |+0.622 |+1.89 | 20™ exp. 

1247 .../1917. Jan. 29 |+ 2.7 | vM fg |—o.553 |+2.08 | 20™ exp. 

1248 .. SS 29 |-++ 9.0 | vM fg |—o.553 |+2.08 | 20™ exp. 

125 Oren Feb. 12 |— 9.0 | vM fg |—o.734 |+2.12 

12562... I2 |— 4.7 H fg |—o.734 |+2.12 

T2280 Mar. 15 |+ 2.0] vM g |—0.9076 |--2.21 

TG os Oct. 8 |— 3.7] vM g |+to.981 |+2.77 | 13™ exp. 

15031-- 24 |+ 1.7] vM fg |--o.805 |-+-2.82 | 20™ exp. 

15932.. 24 |+ 7.2 H fg |+o.894 |+2.82 | 20™ exp. 

Mor.-Ev. Ap Am M v At 

209 -12561..| +1.71 —2.34 —23 —17 | — 25 
1182;—- 490r..| +1.56 | +1.70 +65 +35 — 1.1.5 
3401-12562. .| +1.69 —2.33 — 2 + 4 — 6.3 
1153 — 4902..| +1.59 | +1.69 +54 +23 5.5 
VOR CY so ol amie || lage qn = OLS 
B00 1250) etme tw Os =2.43 ile) = = fo) 
I182.-1247 ..| +1.18 ——On tg +34 +25 = 5G 
577 4:7 Oral ne O5 +2.66 +16 —24 112 
15931-1248 ..| +1.45 +0.74 +22 + 2 — 4.3 
EROS Ay Oneal stati 5 0 Sait +13 —27 — 5.3 


+37.67 Mot 1.617=+371 
+ 1.61 Mot25.847=+253 


w =+9.2=+0"015+0" 005 
Ma=+9.5=+0"015+0"004 


Comp. Star Br. x y 7 P.E. 
ERS ae f +3'4 +4/8 —o"o1l +0"002 
Do Miele ff +3.3 +1.6 +0.002 ©.007 
ara N ar, Aske { +6.9 0.0 +0.007 0.005 
7 age ae BO bb +o.8 —6.5 —0o.006 0.004 
eas uae bf —0o.4 —2.6 +0.004 0.006 
Oe te are f —= O15 SHS) —0.002 0.006 
VRS eae, f —5.9 +3.6 | +0.004 +0.005 
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17 


DETERMINATION OF STELLAR PARALLAXES 
Boss 1822 a=6bs9™368 6=+34°38' 
Pl. No. Date t Obs. Qy p m Remarks 
a 
1183:../1916 Nov. 18 |— 422 | vM fg |+o.719 |+1.89 | 20™ exp. 
11832... EO) [ae ase av NE fg |+0.719 |+1.89 | 20™ exp. 
12571..|1917 Feb. 12 |— 6.0 | vM fg |—o.631 |+2.12 
12572-. 2 |— 1.7 H fg |—o.631 |+2.12 
1258:.. eT aie || AWE fg |—o.631 j|+2.12 
£25825. 12 |+ 7.7 H fg |—o.631 |+2.12 
128i... Mar. 13 |— 6.0 | vM g |—0.926 |+2.20 
12812.. Do (— 2.72) g |—0.926 |+2.20 | Trail 
1590r.. Nov. 7 |—10.2 | vM fg |+o.840 |+2.85 
I5QQ2-. 7 1— 6.5 re g |+0.840 |+2.85 
r616;.. 8 |— 8.0 H fg |+0.832 |+2.86 
T6162. . 8 |— 3.7 | vM g |+0.832 |+2.86 
1630r.. Dec. *7U| 4-92 22 H fg |+o.462 |+2.94 
16302. . 7 Sal VANE fg |+o.462 |+2.94 
I7271../1918 Mar. 3 |— 5.5 | vM g |—0.844 |+3.17 
i 3 |— 1.5 | vM fg |—o.844 |+3.17 
Mor.-Ev. Ap Am M v At 
E5OQr-T25 fr. «| 1-47" | 0.73 a Tee 4.2 
1616;-1281r..| +1.76 +0.66 +28 +14 —2.0 
15992-17271. -| +1.68 | —0.32 +44 — 2 | —1.0 
1183;-12812..| +1.65 Oi Sree Sn —2.5 
1616.-12572..| +1.46 +0.74 +20 —I5 —2.0 
£O30;-17272: «| E35 —0.23 +36 + 1 +2.7 
ELOS7 1 25 Ore Les Ono +43 = 7 —1.0 
16302-1258. .| -+1.09 +o.82 —23 —18 —o.2 
+2.49 Met 2.53 7=— 31 Tt =+20.6=+0%034+ 0" 004 
+2.53 wat17.667=+280 Ma= —33.4= —07054+0'010 
Comp. Star Br. y y 7 PE: 
Tegner f +3/8 +1'4 —o"co09 +0010 
Deer ee ff +2.9 +o.1 +o.001 0.009 
Lie Meares bf +4.5 —1.4 +o0.026 0,007 
Pat Reese f 0.0 —2.5 —0.030 0.009 
iar heuer f —1I.4 —0.4 —o.0oo1 0.OIL 
OA Rae eae f —5.2 —0.7 +0.007 0.004 
Vite ae f —4.4 +0.3 +o.o10 0.005 
Steet osc f —0.3 ay —o.006 0.007 
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18 ADRIAAN VAN MAANEN 
N.G.C. 2392 a=7h22m7 58 6=+21°7’ 
Pl. No. Date t Obs. Qy p m Remarks 
1259 ..|1917 Feb. 12 |+ 9°0 | vM | fg |—o.555 |+2.12 
1282... Mar. 13 |+ 1.5 | vM g |—o.883 |+2.20 | 20™ exp. 
12822.. 13-|-+ 6.7 H g |—o.883 |+2.20 | 20™ exp. 
1305r.. 16 |+ 1.5 | vM g |—0.905 |+2.21 
13052.. 16 |+ 5.7 H fg |—o.9g05 |+2.21 
1600y. . Nov. 7 |— 5.2 | vM g |+o.881 |+2.85 
16003. . 7 |— 1.0 H fg |+o0.881 |+2.85 
T6OLe: 71+ 7.0] vM fg |+o.881 |+2.85 
1617x.. 8 |— 3.0 H | g,as |+0.871 |+2.86 | Hazy 20™ exp. 
TOD 7s. 8 |+ 2.5 | vM | g,as |+0.871 |+2.86 | Hazy 20™ exp. 
TOS Dec. 7 |+14.5 | vM fg |+o0.540 |+2.94 | 20™ exp. 
16471. - 8 |+ 2.0] vM fg |+o.529 |+2.94 
16472. . = 8|+ 6.0} H g |+o.529 |+2.094 
1648 .. 8 |+10.5 | vM g |+o.529 |+2.94 
1728;..{1918 Mar. 3 |+ 2.5 | Hum| fg |—o.786 |+3.17 | Hazy 20™ exp. 
17282... 3 |+ 8.5 | vM g |—o.786 |+3.17 | Hazy 20™ exp. 
£738 5. 4 |— 5.2 | Hum f |—o.798 |+3.18 | Hazy 25™ exp. 
Trail of B Gem. 
T7AGis April 4 |+11.5 | vM g |—0.986 |+3.26 | Clouds 25™ exp. 
Mor.-Ev. Ap Am M 0 At 
1600;-1738 ..| +1.68 | —0.33 +14 — 7 o°0 
16171:-1282;. 5 +1 75 +o.66 +12 — 7 —4.5 
16002-13051. .| +1.79 +0.64 +33 +13 =2.5 
16471-17281. .| +1.32 —0.23 +18 + 1 —0.5 
16172-13052..| +1.78 +0.65 + 2 —18 —3.2 
1601 —1282,. .| +1.76 +0.65 +28 +o +0.3 
16472-17282. .| +1.32 —0.23 +19 +2 —2.5 
1648 -1259 ..| +1.08 +0.82 +14 + 4 +1.5 
F034 SE746.) No -trk 255 3) i O.oe +25 “8. | 43-0 


+2.67 wot 3.867=+ 38 


mw =+12.2=+07020+0"7003 


+3.86 pot22.347=+259 Ha=— 3.4=—07006+0"008 

Comp. Star Br. x y 7 P.E. 

LS tee eee, f +2/2 +e'r —ovo1r +0"006 
Pe inte bf +6.9 —0.5 —0.001 2.005 
3 si ettements f +1.9 —o.8 +0.022 ©.009 
Asatte then bf —0.5 —3.3 —0.009 ©.004 
Lae, covet bf —5.2 —1.6 —0.006 0.004 
ON eat aes bf —3.7 +1.1 +0.018 0.009 
DOR oe bf —I.I +1.0 —0.015 0.006 
Sarhertere cer ff —0.3 +3.2 —0.001 0.005 
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DETERMINATION OF STELLAR PARALLAXES 19 


Boss 2245 a= Sbormy 28 5=+12°50’ 


Pl. No. Date t Obs. Qy p m Remarks 
815 ..|1916 Feb. 24 |— 2°7 i fg |—o.513 |+1.15 | Clouds 20™ exp, 
T1g8.. Dec. 16 |— 7.7 H g |+o.590 |+1.96 
T1Q82.. 16 |— 3.0 | vM g |+0.590 |+1.96 
IIQOr.. 16 I+ 2.5 ial g |+o.590 |-+1.96 
IIQQz.. 16 |+ 6.5 | vM g |+o.590 |+1.96 
1283;../1917. Mar. 13 |+ 0.2 | vM fg |—0o.741 |+2.20 | 19™ exp. 
12832. . 73) |---5-0 | HL g |—0.74r |-+2.20 
I2Q2r.. 15 2.0 H fg |—o.761 |+2.21 
I2Q22.. ES l= 5.581 VIL fg |—0o.761 |-+2.21 | 20™ exp. 
1306. . 16 |- 2.0| vM g |—0.772 |+2.21 
1306... TO |4= 222 H g |—0.772 |+2.21 
18). Aprilz2 |+ 6.0 | vM fg |—o.959 |+2.28 
1602r.. Nov. 7 |— 2.0] H fg |+o.941r |+2.85 
16022... 7 1+ 2.2 | vM g |+o.941 |+2.85 
1618;.. 8 |— 4.7 H fg |+0.938 |+2.86 | Hazy 20™ exp. 
16182.. 8 |+ 1.0] vM fg |+0.938 |+2.86 | Hazy 20™ exp. 
Trail 
Mor.-Ev. Ad Am uM 0 At 
1618,- 815 ..| +1.45 +1.71 —12 —5 —2%o 
T198:-1306:. .| +1.36 O25 + 8 —I19 —=— 57 
T19Q8.-12921..| +1.35 Ones +29 + 2 —3.0 
1602;-1 2831. .| +1.68 +0.65 +34 +18 —2.2 
1618,-13062..| -+1.71 +0.65 +30 +14 —1.2 
1602,-1 2832. .| +1.68 +0.65 — 6 —22 —2.8 
T1QQ1-12922..] +1.35 —0.25 +16 —TE —3.0 
IIQQ2-1318 ..| +1.55 —0.32 +49 +17 +0.5 


+4.48 wot 4.257=— 12 wt =+16.5=+0"%027+0"005 
+4.25 we+18.557=+229 a= —18.3= —0%030+0%010 


Comp. Star Br. x y 7 P.E. 

ea Oe f +2!7 +3/6 —o%008 +0008 
Zao eOeeOE f +1.8 0.3 —0.004 0.009 
eer Sear f +2.3 —2.6 +0.003 0.017 
SRE ok te tees bf +4.8 —5.8 | +0.022 0.007 
Ree bf +2.5 —6.0 | —0.016 0.006 
Oe aeeen bf —4.9 —I.1 +c.008 0.006 
fy eR cay f —3.0 —r.5 —0.007 ©.004 
bo te Bas ae bf —4.7 +3.6 +o.o001 0.008 
OR hoe es bf —1.2 +6.0 | +0.017 0.008 
TO Merete: bf —0.5 +1.8 —0.015 =+0.008 
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ADRIAAN VAN MAANEN 


20 
Boss 2378=Bu 4823 a=8h46™288 5 = + 28°38’ 
Pl. No. Date t Obs. Qy p m Remarks 
1210;../1916 Dec. 17 |— 720 | vM g |+0.648 |+1.96 
T2102. « I7 |— 2.2 H g |+0.648 |+1.96 
1284,../1917 Mar. 13 |+ 5.0] vM fg |—o.662 |+2.20 
12842. . 13 |+ 90.5 H g |—0.662 |+2.20 
13071.. 16 |+ 1.5 | vM g |—o0.699 |+2.21 
T0720 TO \-- 5-7 H g |—0o.699 |+2.21 
T3Q2r... April13 |+ 2.0] vM fg |—o.931 |+2.28 
1332206 13 |+ 6.2 H fg |—o.931 |+2.28 
16321... Dec 7elace aS H fg |-+-0.762 |+-2.04 | 20™ exp. 
16322.. 7 |+ 6.0} vM fg |+o.762 |+2.94 
FOSSua 7 |+10.5 H { |+0.762 |+2.94 
1649r. . sh (mas Faas ig |-F0, 761 |4-2.04 
16402. . ~ 8 |+ 0.5 | vM g |-Fo.75r |-+2.94 
TOO5 ee LOTS) Janay 5.97 Ou a med fg |+0.387 |+3.02 
720 nee Mar. 3 |— 2-5 | Hum g |—o.524 |+3.17 | Clouds 
73 0ne 4|-— 3-7| vM fg |—o.542 |+3.18 | Clouds 30™ exp. 
Trail of Boss 
2348 
Mor.-Ev. Ap Am M v At 
T2TOr—-T3 O71 welll stk 35 —0, 25 +14 +9 —825 
16491-1739 ..| +1.29 | —0.24 +34 +30 0.0 
T2LOrel serie ees =O 22 it —27 —4.2 
TOAOr =I 7 20or ct Lr 2 Om an On 2g +1 = 3 | +3.0 
1632:-1284:..| +1.42 | +0.74 +27 AASre le age5 
16322-13072. .| -+1.46 =1-On73 AUT —30 0.3 
T6605 =13322..| —-1.32 +0.74 —33 5 +o0.8 
1633 -12842...] +-1.42 +0.74 —17 + 1 +1.0 
+2.45 Mat 2.70T=—56 T =— 0.5=—0"001+0"009 
+2.70 Me+15.537=—68 [a= — 22.3=—0.036+0"022 


The faint component is comparison star 6; it is not known if the two stars form 
a physical pair. 


Comp. Star Br. x y T PE. 
Late ane bf +3'7 —o! 0” 000 +0"005 
Dea saet setareye ff Fads —4.5 —0.006 0.004 
pee ate f 1.4 —2.5 +0.013 0.006 
Praca yet eats f —3.8 —0.5 —0.004 0.005 
ee Wee acts bf —0.4 +4.0 ©.000 0.005 
Ose er areys bf —0.4 +0.7 —0.005 +0.008 


DETERMINATION OF STELLAR PARALLAXES 21 


Boss 2442=Bu 4929 a=ohymy78 5= + 23°23’ 


Pl. No. Date t Obs. Qy p m Remarks 
ans 
I1220;../1916 Dec. 17 |+ 022 | vM fg |+0.688 |+1.96 
T200.%y, Le | as H g |+0.688 |+1.96 
1285 ..{t9r7 Mar. 13 |+12.0 | vM g |—o.612 |-+2.20 
I293r.. LS | 3x0 H f |—0.637 |--2.22 |-20™ exp, 
I2Q32.. Is |+ 9.2} vM fg |—0.637 |--2.21 | 20™ exp. 
I308;.. ri lye ir fresy tf ALAN g |—o0.650 |+2.21 
1308... 16 |+11.7 H fg |—o.650 |+2.21 | Trail; 2442, not 
behind sector 
SAY. Aprili4 |+ 3.0} vM pf |—0.904 |+2.29 | 25™ exp. 
1650r.. Decs 85 )- 455 H fg |+0o.784 |+2.94 
16502... 8 |+-9.0 | vM g |+0.784 |+2.94 
1666:..|1918 Jan. 5 |+ 9.0} vM g |+to.441 |+3.02 
16662. . 5S tat-E3e2 ist g |+o0.441 |+3.02 
1678... 6|/+1.7| vM g |+0.426 |+3.02 |} Clouds 25™ exp. 
16782. . 6 |+ 8.5 H fg |+o.426 |+3.02 | Clouds 25™ exp. 
1746r.. April 4 |— 4.2 H fg |—o.842 |+3.26 | Clouds 20™ exp. 
17462. . 4|+ 2.0} vM g |—o.842 |+3.26 | Clouds 20™ exp. 
v v 

Mor.-Ey. =e ae oan ae (24421) | (24422) at 
1220;-1347 ..... +1.59 | —0.33 +65 +45 +20 + 5 —2°8 
1678:-17461..... +1.27 | —0.24 +45 +26 +11 —4 5.0 
EO2QOg— E2037 ox os ji 33,1 Ons = ea +47 — 9 +16 Sib os 
ROSOr—E 7A03 coro - ApinO3, |) —On32 on +26 =10 ns +-2:.5 
1678-1308:..... +1.08 | +0.81 —73 —73 —18 SAN |) APS 
EORO;—E26 3005 5 +1.42 | +0.73 —56 —50 Site aalee O02 
1666;-13082..... +-1.09 | +-0<80 |... .2.5. =A (0) an vargs ane ier —2.7 
EGOOs—=1 285 5 wie HE. OF 1) 1-Ono2 — 26) aati +29 +36 Set 


+2.19 Mat 1.10T=—168 ( eer pele er) 
+1.10Met+12.867=+ 53 “ +1.98MatI4.05T=— 4 
mw =+11.1=+0"%018+0"007 tr =+ 9.9=+0"%016+0"006 
(2442:)} ae fia NCAA2,) a ear eee fee 
Ma= —82.3= —0.134+0.016 fa=—71.8 O.1I17+0.014 
The 12™ companion, being covered by the sector, does not show any images on the 
plates. 


Comp. Star Br. x y T P.E. 
Tort Are f +2'9 +22 —o"o12 +0"orr 
PRR Sei oie f +4.7 +-5 5 —0.008 0.005 
cca teies ot ff +5.6 +3.8 +o.008 0.012 
Aire eres f +3.8 —6.9 +0.011 0.003 
BER ee Rese ore f —5.5 —4.4 —o.016 0.006 
Cs SP rete ff —7.7 —I.0 +0.007 0.008 
Se f —4.1 +4.3 +o.o1r +0.008 


22 ADRIAAN VAN MAANEN 


Boss 2660 a=ohso™r5® 8=+57°54! 


Pl. No. Date t Obs Qy ? m Remarks 
76r../1914 Jan. 19 |+ 1°0 | vM g |+o0.406 |—0.95 
762.. 19 |+ 6.0 | vM fg |+o0.406 |—0.95 
84:.. 20 |— 1.5 | vM fg |+0.391 |—0.94 
842. . 20 |+ 2.0] vM g |+o.391 |—0.94 
105 April17 |+ 3.0 | vM f |—o.833 |—0.70 
I14:. 18 |+ 4.5 | vM | g,as |—0.840 |—0.70 
II42.. 18 |+ 8.7 | vM fg |—o.840 |—0.70 
881;../1916 April 22 |+ 8.7 H fg |—o.875 |+1.31 
8812 22 |+13.0 | vM g |—0.875 |+1.31 
1320;../1917  Aprilr2 |-— 1.7 H g |—0.791 |+2.28 
13202. 12 |+ 5.7 | vM g |—0.793 |+2.28 
HGEY 13 |+ 8.0} vM g |—o.8o1 |+2.28 
1634:..| %. Dec. “7 \-+- 1:27) VM fg |+o0.868 |+2.94 
16342 Filler) beeen || viel fg |+0.868 |+2.94 
T6075. |LOLO. Jalan (Se eke H g |+o.507 |+3.02 
1679 .. 6 |+ 5.2 | vM fg |+o.584 |+3.02 | Clouds 26™ exp. 
Trail 
Mor.-Ev. Ap Am M 0 At 
841-1320:...| +1.18 | —3.22 —47 +18 | —3°2 
FOr sLOSieete stead =—On25 Als —45) S518) 
1634:- I14:...| --1I.71 +3.64 +84 + 3 —3.3 
842-13202...| +1.18 ane —65 ° —307 
16342-1334 ...| 4-31-67 +0.66 +28 +10 —2.8 
76.- I142...| +-1.25 =O, 25 —17 —15 SP.) 
1679 — 881r...| +1.46 +1.71 +59 +20 —3.5 
1667 — 8812...| -+1.47 +1.71 +38 —<—-T —0.3 


+40.39 Mat 4.11 7T=+865 mw =+ 2.3=+07004+0"006 
+ 4.11 pat15.887=+124 fo=+21.2=+01035=0.004 


Comp. Star Br. x y ™ P.E. 
TE Staseeen ies f +1/6 +0/8 +0004 +0011 
PR irccmin ta 6 bf +3.6 +4.8 —0.015 0.006 
Biv treteescdlatcns b +6.0 —2.1 +0.005 Q.005 
DNase Sea bf +1.0 |. —4.5 +0.001 0.007 
ereidhors he f —3.4 —6.7 —0.OII 0.006 
Orcas ene bf —2.5 —2.5 +0.006 0.005 
Tecate ters bf —4.9 +5.2 —0.003 0.002 
Sela ninaior bf —o.8 +5.1 +0.013 =+=0.006 
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DETERMINATION OF STELLAR PARALLAXES 23 


Boss 3030 a=rrh25™168 5=+18°58’ 

Pl. No. Date t Obs. Qy p m Remarks 

790:..|1916 Jan. 11 |— 420 | VM f |+o.781 |+1.03 

7002 II 0.0 | vM fg |j+o.781 |+1.03 

882; April 22 |— 3.2 | H g |—0.620 |+1.31 

8822. . 22 |+ 2.0] vM fg |—o.620 |+1.31 

883... 22 |+ 7.2 H fg |—o.620 |+1.31 

8981. . 23 |I— 9.5 H | g,as |—0.631 ag Some astigmatism 

898:. . 23 5.0 | vM | g,as |—0.631 |-+1.31 of 60-in. mirror 

i224... Dec. 17 |— 7.0| H g |+0.899 |+1.96 

Tee, . 17 3S | VE fg |+o.899 |+1.96 

12531..|1917 Jan. 29 j- 7.5 | vM fg |+o.593 ;+2.08 

12532 29 |— 3.5 | vM f |+0.593 |+2.08 

1266 Feb. 12 |+ 6.5 H f j+to.406 |+2.12 

1322: Aprilr2 |— 0.7 | vM g |—0.489 |+2.28 

13222 2 |+ 3.2 H g |—o.489 |+2.28 | Trail 

Mor.-Ev. Ap Am M 0 At 

1253:- 898:.../ +1.22 | +0.77 —4 +11 +2%o 
T224— S08...) 2.53 +0.65 +18 +24 —2.0 
7O0r~ SS2:~..] 7-12.40 —o.28 + 5 —2 —o.8 
$225 13220) 1-580) —On32 +47 +15 —2.8 
E2532 S022 eee) Peek On7 7 —4o aes 055 
FOOr ES 22a ciel ane 7, — oem +69 ae eee 
1266 — 883 ...} +1.03 --o.81 —27 — 8 —0.7 


+4.00 Mat 1.27T=—146 


wT =+13.4=+0%022+0'007 


+1.27 wat11.85 r=+107 Ma=—40.8=—0%067+0%012 
Comp. Star Br. x y 7 P.E 
Te eee f +1'9 +0/3 | +o0%008 | +o%or0 
Broke tet : +5.6 +o0.8 +0.013 0.010 
eG sete f +8.2 —4.5 —0.010 0.012 
ae ie f —2.3 —0.7 —0.003 0.010 
Stati: ff —8.5 +2.6 +0.003 0.006 
Cp bs own f —1.2 +6.0 —0o.012 +0.007 


ADRIAAN VAN MAANEN 


24 
Boss 3169 a=r2b4mz,e 5=+ 2°28’ 
Pl. No. Date t Obs Qy p m Remarks 
448 ..\1915 Jan. 10 |— 8°0| H fg |+0.853 |+0.03 | Clouds 20™ exp. 
449... io |— 1.7 | vM fg |+o0.853 |+0.03 | Thick 20™ exp. 
450 . 1o |+ 5.7 H fg |+0.853 |+0.03 | Thick 20™ exp. 
Trail 
481 .. Feb. 7 |— 9.0] vM | g,as |+0.616 |+0.11 
gts:..|1916 April 24 |+ 1.0] vM | g,as |—o.506 |+1.32 
QI52.- 24 |+ 5.0} vM g |—o.506 |+1.32 
135Ix..|1917 May 12 |+ 6.5 H fg |—o.717 |+2.36 
135I2.. 12 |+10.5 | vM fg |—o.717 |+2.36 
1364. . 13 |+ 2.0| vM | g,as |—0.725 |+2.37 
1364... 13 |+ 6.0 | vM | g,as |—0.725 |+2.37 
1365... 13 |+13.0 | vM fg |—0.725 |+2.37 
E3771. -| 14 |— 8.0 | vM g |—0.735 |+2.37 
13772. - 14 Bia iavave fg |—o0.735 |+2.37 
1695 ..|1918 Feb. 2 0.0 | vM fg |+0.669 |+3.09 
1696 .. 2\|+ 5.0 H g |+0.669 |+3.09 
1697 2j+ 9.5) VM | fg \40-067\)-132.00 
1716 3|/+ 5.5 | vM g |+0.656 |+3.10 | Hazy 20™ exp. 
1717 3 |+11-7 H g |+0.656 |+3.10 | Hazy 20™ exp. 
Mor.-Ev. Ap Am M 0 At 
481 -13771...| +1.35 —2.26 —5 +13 —1°0 
448 -13772...| +1.59 | —2.34 =a he 34-3 
449 — O151...| +1.36 — E226 + 3 + 4 2a 
1695 -1364:...| +1.39 +0.72 +12 —24 —2.0 
1696 — 9152...| +1.18 ERT +45 — 6 0.0 
7 TO 3 OA mene (eles O 0.73 +53 +18 —Ons 
ISOS Ses olf ae) —2.33 —40 24. —0.5 
ROOPZ—= 135 2 tees |e reso 0.73 +57 22 —F.0 
1717-1305) 4| tol 25 +0.73 [25 —10 —1.3 


+22.92 wa— 6.067=+309 
— 6.06 wat+17.687=+179 


7 =+16.2=+07026+0"005 
ba=+17.8=+0"%029+0"004 


Comp. Star 


Br. x y 
Tosca ot f +5/2 +0!7 
OSB stet ees f +5.4 +1.0 
CAA ee f +4.0 —= 3:6 
Acie staeenes f —5.9 —3.0 
Ate peas f —3.3 4.5 


P.E. 


+0"008 


0.006 
0.004 
0.002 


+=0O.002 


258 


+7.06 wat 6.01T=— 2 


tT =+3.3=+0"%005+0"008 


+6.01 weat11.467=+19 fe=—3.1=—0.005+0/011 
Comp. Star Br. x y 7 PE: 
Reon hens bf +7!0 +4'9 | —o%006 +0"004 
DMS eats bf +3.8 —1.4 | +0.025 0.014 
ee Gis nee f +2.6 —6.5 +0.022 0.010 
y are Sree f —1.5 —2.5 —0.036 0.013 
atc, eerste bf —I.I —1.0 —0.019 0.017 
ORI rai f —1.9 -+o.1 —0.032 0.015 
i Rea es ee f —2.3 +1.9 +0.015 0.012 
SH 5 a Ate ae bf —6.6 +2.6 | +0.028 +0.013 
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DETERMINATION OF STELLAR PARALLAXES 25 
N.G.C. 5194 a=13h25™408 5=+47°43' 
Pl. No. Date t Obs. Qy ? m Remarks 
832 ../1916 Mar. 11 |+ 1°22 | #M g |+o.488 |+1.20 
633 May 22 |— 5.0 | vM f |—o.586 |+1.39 | 40™ exp. 
043 . 24 I+ 2.5 | vM f |—o.611 |+1.40 | 45™ exp. 
953 . 25 —" 3 ee VME e >| —o7o23ul-Pr As s5™iexp: 
054 .. 25 |+ 7.5 H fg |—0.623 |+1.40 | 35™ exp. 
1298 ../1917 Mar.15 |— 5.2] vM fg |+o0.436 |+2.20 
1299 .. 15 I+ 3.2 H fg |+0.436 |+2.20 
1313 16 |— 4.7 H fg |+0o.423 |+2.21 
4304... 16 |+ 3.2 | vM fg |+o.422 |+2.21 
ee ee May 12 |+ 0.7 H g,as |—0.448 |+2.36 
1366 . 2B a lan pe ae Pt fg |—0.463 |+2.37 
1380 . 14 |+ 9.0] vM fg |—0.475 |+2.37 | 40™ exp. 
1388 .. June 11 |+ 6.2 | vM fg |—o.795 |+2.45 | Trail 
1698 ..|1918 Feb. 2 |— 0.7 H g |+0.856 |+3.09 
1699 .. 2|+ 7.2| vM fg |+0.856 |+3.09 
1719 3 |+11.2 |H&vM!| fg. |+0.851 |+3.10 | Hazy 45™ exp. 
Mor.-Ev. Ap Am M P) At 
1298 — 932...| +1.02 | --o.81 — 9 — 9g | —o%2 
PRES — E252 ceil O50 —0O.15 — 7 Sie} or! 
£09 — OSae as |) 1-640 +1.69 +26 +26 2nO 
eae SV Rae gal) Sette) =0220 +24 +19 =—1.3 
£209 —E200)-145.) 4-02.00 Onl 7 +20 +16 +0.7 
1314-1388 ...| --1.22 —0.24 —— TA —10 — nO 
1699 - 954...} +1.48 +1.69 2 21 —=On3 
E7IO—1 2508 ei kos “0273 ° = & +2.2 


26 ADRIAAN VAN MAANEN 


Boss 3658 a=14"10™228 6=+,41°50/ 


Pl. No. Date t Obs. Qy p m Remarks 
955r..|1916 May 25 |+ 6°0 | vM g |—0.473 |+1.40 
9552 25 |+10.5 | H g |—0.473 |+1.40 
1269 ...!1917 Feb. 12 |—16.0| vM fg I+0.876 |+2.12 | 20™ exp. 
1270. I2 |— 9.2 H fg |+0.876 |+2.12 | 20™ exp. 
1271 12 |— 2.5| vM fg |-+-0.876 |-+-2.12 | 20™ exp. 
1272 12 I+ 4.5 H fg |+0.876 |+2.12 | 20™ exp. 
1300;. Mar. 15 |+ 1.7 | vM g |+0.5090 |-+2.21 | 20™ exp. 
13002. 15 |+ 7.2 H g |-+0.500 |--2.21 | 20™ exp. 
1380r. A ASIN Hee Gas H fg |—o0.684 |+2.45 | 17™ exp. 
13802 Ir |+ 9.5 | vM fg |—0.684 |+2.45 
I400 . 12 |— 6.0| vM fg |—o.695 |+2.45 
I401x I2|— 0.7 H fg |—o.697 |+2.45\| Some astigmatism 
I40I2.. 12 |+ 3.0] vM | g,as |—0.697 | +2.45 of 60-in. mirror 
1415. ~ 13 |— 5.0] vM | g,as |—0.707 |+2.45 
1700 ...j1918 Feb. 2|/+ 4.0] H fg |+0.923 |+3.00 
1736 Mar. 3 |+10.0 | vM fg |+0.734 |+3.17 | Clouds 25™ exp. 
Trail 
Mor.-Ev. Ap Am M D _ At 
1269 -1400 ...| +1.57 —0.33 +42 +18 —10°%0 
270 —FAUS eee ake so —0.33 “jh —2 — 4.2 
127 Tr AOLr ee alle DeSy7 —0.33 +15 = (0) —<1.8 
1300r-I40I2...| +1.30 —Oa2Al +16 — 4 Ske 
1700 -1380:...| +1.61 +0.64 +49 +28 — 1.5 
1272, LOS Sr aed ip be oo +0.72 —5 —21 = 1.5 
I3002- 9552...| +1.07 +0.81 +20 + 8 gas 
1736 -13892...| +1.42 +0.72 + 6 —Il + 0.5 


+2.50Ma+ 2.027=+ 20 w =+14.4=+0%023+0"005 
+2.02 at16.68 r= +232 fa=— 3.6=—01006+0%013 


Comp. Star Br. e y Cy BE: 
Tete resettle. f +2'5 +213 —o"029 +0"o10 
Beet cto bf +3.4 —3.7 —0.012 0.010 
Bi ams tae eet f +5.2 —3.8 +0.028 0.015 
A Weer oae bf —1.8 —5.5 —0.001 ©.002 
Bt aoe ceri: f —3.2 +1.4 —o.o16 0.004 
ite Siete ore b —2.1 +4.3 +o0.o11 0.012 
iio eee bf —3.8 +025 +0.016 +0.011 
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27 


DETERMINATION OF STELLAR PARALLAXES 
Boss 4343 9 a=16h59™55® = 5 = + 35°33’ 
Pl. No. Date t Obs. Qy p | m Remarks 
Q21x../1916 April 24 |—13.7 | vM | vg |+0.662 |+1.32 
Q2I2.. 24 |— 8.7 H g |+o0.662 |+1.32 
To26;.. July 22 |+ 6.0] H g |—o.697 |+1.56 | Some astigmatism 
of 60-in, mirror 
10262. . 22 |+10.0 | vM g |—0.697 |+1.56 
TO4Or. . 23 0.0 | vM g |—o.710 |+1.56 
10402. . 23 |+ 4.0] vM fg |—o.710 |+1.56 
1328 ../1917 Aprili12 |—11.5 | vM fg j+o.801r |+2.28 
T220-.. 12 |— 6.5 H fg |+o.801 |+2.28 | Trail 
1345r.. 13 |+ 0.5 | vM g |+o.791 |+2.28 
13452. . 13 |+ 4.7 H fg |+o.789 |+2.28 
1346... 13 |+ 9.2 | vM g |+o.789 |+2.28 
1384... May 14 |+ 3.0] Pt fg |+0.383 |+2.37 | 20™ exp. 
13842... 14 |+ 8.5 | vM fg |+o0.383 |+2.37 | 20™ exp. 
PSOne 14 |+14.7 Pt Senge lqreugy7 || Bees aay 
1456r.. July i |+ 6.5 H gE |—o0.550 |+2.53 
14562. . Ir |--10.5 | vM g |—0.550 |+2.53 
1461... 13 |+ 2.5 | vM g |—0.578 |+2.53 | Hazy 20™ exp. 
AGT. 28 |— 7.7 | vM fg |—o.764 |+2.58 
1468 .. 28 |— 3.5 H fg |—o.764 |+2.58 
FATS -: 29 |— 6.0 | vM fg. |—0.774 |+2.58 
Mor.-Ev. Ap Am M v At 
921:-1467 ...| +1.43 | —1.26 —17 — 2 | —6%o 
E320 476k. So —0.30 + 2 ° =—5.5 
9232-1468 ...| +1.43 —1.26 —13 + 2 —5.2 
1329 —1040r...} 1.51 +0.72 +26 + 8 —6.5 
T3451 ACT o< e | eae = 37 —6.25 <> {6) LE =2.0 
1384:-10402...] +1.09 +o.81 +14 —4 —1.0 
13452-10267... +1.49 +0.72 =|-21 =P 2 Les 
1346 -14561...| +1.34 —0.25 +40 +38 + 2).7 
1384.-10262...| +1.08 +o.81 +13 — 4 —1I.5 
1385 -14562...| +0.93 | —0.16 =A SM Seles? 


+5.78ba— 0.9097=+91 
—0.99 Mat+17.987T=+61 


tT =+ 4.3=+0%007+0" 005 
fo=+16.5=+0%027+0"010 


Comp. Star Br. x y 
Dice aan f +o!5 +2/6 
Durie emer ff +4.7 +1.5 
WG ait Pai f +3.3 +1.1 
AN ane ere ff +2.9 —0.7 
i-Fetin A AOS RE Mec f —o.I —2.1 
O Bete ane bf —3.3 —2.9 
Wis cne a Hace, f —4.9 —1.0 
See ee teen f —4.0 +1.6 


P.E. 


+0"009 

0.011 
.006 
007 
007 
006 
007 
007 
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Pl. No. 


Io56.. 
TO7T 
TO7 oe 
LO7 oar 
1360... 
T30le. 
T3020, 
1374 .. 
1375 -- 
T3370 
1386... 
1488 .. 
1497 -. 
1498 .. 


ADRIAAN VAN MAANEN 


N.G.C. 6720 a=18549™538 3998 =+-32°5 4’ 
Date t Obs. Qy ? m Remarks 
1916 Aug. 3 |+ 6.5 H g |—o.496 |+1.59 | Hazy 
5|— 7.0} vM fg |t—o.532 |+1.60 | Hazy 
5 0.0 H fg !—o.532 |+1.60 | Hazy 
sit 7.0] vM g |—o.532 |+1.60 | Hazy 
1917 May 12 |—10.0 H fg |+o.768 |+2.36 
12 |— 3.0] vM g |t+o.768 |+2.36 
12 |+ 6.2 H fg |+o0.766 |+2.36 
23) |—=02 705) ueet fg |+0.757 |+2.37 | 30™ exp. 
13 |— 4.2 | vM fg |+o.755 |+2.37 | 30™ exp. 
13 |+ 6.0} vM fg |+0.755 |+2.37 
14 |— 3.7} vM fg |+o.744 |+2.37 | 30™ exp. 
Aug. I0 |— 4.5 H g |—o.598 |+2.61 | Trail of Boss 4775 
~ ir |— 9.7 | vM fg |—o.612 |+2.61 | 30™ exp. 
zr |+ 0.2 H g |—o.612 |+2.61 | 30™ exp. 
Mor.-Ev. Ap Am M v At 
1374-1497....| +1.37 | —0.24 +1 o | —2°3 
1300 LO7ieiewe el feats LesO +0.76 +12 == 10 —350 
LS 7S—VAS Se eaters 5 SaOnod: 10 Sede |) eel 
T380=1O 72 e| ete 20 Ong +16 +10 — 237 
TZ01=1408).. =|) 4-30 —0./25 —II in — 0h) 
T370-LOSO ns Wie 25 +0.78 —16 22 Ons, 
1302—-107/3.ae12 ol) s1- E430 t=O 70 erat ap (6 —0.8 


+2.54Met 2.957T=+19 


+2.95 Ma+12.187=+32 

Comp. Star Br. x y 

Da anes f +2'9 +3/3 
RRS Mere f +2.2 2.2 
VI ea bf +1.0 0.0 
Ahipee chavs f +1.6 —1.0 
Eom era tah bf +2.7 —2.7 
Oster serene bf == TQ — 26S 
Hecate ne bf —4.3 —1.6 
bo Ona oh, sera f —I.0 +0o.8 
(Pind BA ek Phe bf —2.7 +2.9 


@w =+1.1=+0"002+0" 005 
Ma=+6.2=+0"010+o0" 011 


008 
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Boss 5083 a@=19548™588 56=+46°46’ 
Pl. No. Date t Obs. Qy p m Remarks 
Sa ee ee 

251 ../1914 Sept.15 |—14.0 | vM fg |—0.827 |—0.29 

2672... 16 |—13.7 | vM fg |—0.839 |—0.29 

2072 16 |— 9.7 | vM fg |—0.839 |—o.209 

208 x 16 |— 4.0 H g |—o.839 |—o.29 |} Trail 

1396:../1917 June 11 |—10.5 | vM fg |+o0.567 |+2.45 

13062 11 |— 6.5 H fg |+o.567 |+2.45 

1397: tr |— r.o | vM fg |+o.567 |+2.45 

13072 aia Ihe CY Co) H fg |+o.566 |+2.45 

I410x I2 |—14.5 H fg |to.554 |+2.45 

T4102 I2 |—10.5 | vM fg |+o.554 |+2.45 

14241 135) 1005 H fg |+0.539 |+2.45 

14242 13 |— 6.2} vM fg |+o.539 |+2.45 

1522 Sept. 12 |—16.0 | vM fg |—o.804 |+2.70 

1523: I2 |—10.7 H fg |—o.804 |+2.70 

15232 12 |— 6.5 | vM fg |—o.804 |+2.70 

1540 13. |+ 6.2 | vM fg eee +2.70 | Hazy 20™ exp. 

Mor.-Ev. Ap Am M v At 

I4IO;-1§22 ...| $1.36 | —0.25 +13 +7 | +125 
TAZKOR 251 ..2| --1.38 +2.74 — 3 —1I4 +3.5 
I424:- 2671...] +1.38 +2.74 “37 +26 +3.2 
13961-1523. ..| -+-1.37 —0.25 =[-rr am 3 +0.2 
I13962- 2672...| -+1.41 +2.74 Sry + 2 +3.2 
EAQAT-E5 225 | eS. —0.25 == =H +-0.3 
13971- 268 ...| +1.41 +2.74 — 3 Aen ects) 
13073-1540... .| 4-12.38 —0.25 3 = 2 Saisie 


+30.28 wat13.927=+115 


@t =+4.3=+0"007+ 0" 005 


+13.92 Mat15.217=+ OI fa=+1.8=+0%003+0%004 

Comp. Star Br. x y T P.E. 

TERR ys bf +3/8 +4/9 +o%o13 +07013 
ye eee ceed e bf +2.1 +3.7 —o.006 0.007 
Bre sons f +1.1 +1.4 +0.015 0.007 
Are f 1.5 -+-0.1 —o.006 ©.OIL 
itera rey ee bf +4.8 —0.7 —o.010 0.006 
te an a bf +1.5 —6.3 —o.008 0.007 
Vector f —2.3 —4.9 +0.017 0.006 
Sree areas bf —5.4 —3.6 —0.002 0.008 
On akhaeeee b —6.0 =O —o.006 0.008 
TOWae ernie bf —1I.4 +3.8 —o.008 +0.007 
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30 ADRIAAN VAN MAANEN 
B.D. +36° 3956 a=20"10™478 d6=+36°21’ 
———= 
Pl. No. Date t Obs. Qy p m Remarks 
717x..|1915 Sept. 30 |+ 1.5 | vM fg |—o.894 |+0.75 
7172.. 30 |+ 5.7} vM | fg |—0.894 |-+0.75 
7331. . Oct. 1 |—10.5 | vM fg |—o.go00 |+0.75 
7332. 1 |— 6.5 | vM fg |—0.g00 |+0.75 
WBA Tle I |— 0.5 H fg |—o.g00 |+0.75 
1398 ..|1917. June 11 |+ 6.0} vM fg |+0.635 |+2.45 
1399 .. II |--10.7 H fg |+0.635 |+2.45 
I4IIx 12 |—10.2 H fg |+0.623 |+2.45 
I4II2 12 |— 6.2] vM fg |+o0.623 |+2.45 
I4I 2x 12 |— 1.2 H fg |+0.623 |+2.45 
T4122. 12 |+ 2.5 | vM fg |+0.623 |+2.45 
1425:. 13)/|=-WSOn| ued fg |+o.61r |+2.45 
TAzSaeri 13 |— 0.2 | vM fg |+o.609 |+2.45 
1438:. . AO hae Ciasy | SIAN fg |+o.428 |+2.40 
14382... 26 |+ 8.7 H g |+0.428 |+2.49 
I524r.. Sept.12 |— 5.2 H fg |—0.743 |+2.70 
15242. 12 |— 1.2 | vM fg |—0.743 |+2.7 
Ts 25% 12: |=tng sO per EL fg |—o.743 |+2.70 | Trail of Boss 5188 
15411 13 |+ 8.5 | H fg |—o0.753 |+2.70 
15412 13 |+13.0 | vM fg |—o0.753 |+2.70 
Mor.-Ev. Ap Am M v At 
I4Ili— 733:r...| +1.52 | +1.70 +10 + 8 | +0°3 
I4lio— 7332..-| a-1-52 +1.70 —II —13 +0.3 
14251-15241...| +1.35 —0.25 —26 —21 +o0.2 
E412:-15242...| -+1.37 —0.25 + 5 +10 0.0 
T4253 738A eal apse +1.70 +22 +20 +0.3 
T4T23— FEF... | 1252 +1.70 —25 —27 +1.0 
1438:-1525 ...| +1.17 —0O.21 Sit) —T2 1.5 
1398 — 7172...) +1.53 +1.70 +19 +17 +0.3 
14382.-1541r...| +1.18 —0O.21 ae 8 =P te One 
1399 -154I2...| 1.39 | —0.25 To) met SE gee: 
+14.71 Ho+11.387=+31 T =—3.0=—0"005+0"006 


+11.38 pat19.947=— 9 


fao=+4.4=+07007+0"007 


Comp. Star Br. x y 7 P.E. 
ee bi +o0/3 +o0!7 —o"007 +0"008 
OTA RON OD f +1.4 +1.9 +o.016 0.004 
eR ite Vea f +1.5 +0.3 —o.016 ©.009 
408 f +3.6 —0.7 +0.004 ©.004 
Gian niece bf +0.3 —3.8 | +0.003 0.006 
Ofuepaaute b —0.5 —1.6 —0.009 ©.OI1 
YES coit ee bf —I.I —0.5 +0.015 ©.012 
Seen eee b —3.4 +1.6 +0.015 0.008 
Qiaoneeer f —2.1 +1.8 —©.025 +0.008 


DETERMINATION OF STELLAR PARALLAXES 
Boss 5499=Bu 10663 a= 20h55m538 5=+18°56’ 
Pl. No. Date t Obs. Qy p m Remarks 
ss 
II03r..|1916 Sept. 20 |+ of5 | vM VE" j==0.007 Nl 1.272 
EFO2, 00 20 |+ 4.7 H vg |—0.697 |+1.72 
1g op pe Oct. 21 |— 6.5 | vM fg |—o.929 |+1.81 
EIST... 21 |— 2.5 | vM fg |—o.929 |+1.81 
1413 ..|1917 June 12 |— 2.7 H fg |+0.747 |+2.45 
TAT. % 12 |+ 1.0] vM fg |+o.747 |+2.45 
14261. . 13 |— 4.5 H f,as |+0.737 |+2.45 
14262. ; 13 |— 0.5 | vM fg |+0.737 |+2.45 | Trail 
1430r. . 26 I+ 3.5 | vM g |+0.581 |+2.49 
14302. . 26 I+ 7.7 H fg |j+o.581 |+2.49 
I440.. 26 |+12.0 | vM fg |+o.581 |+2.49 
TACO. 27 |— 9.0] vM fg |+0.570 |+2.40 
1526:.. Sept.12 |— 0.7 | vM fg |—o.597 |+2.70 
15262.. 12 |+ 3.2 H fg |—o.597 |+2.70 | Trail 
1542r.. 13 |+ 7.5 H fg |—o.609 |+2.70 
15422.. 13 |+12.7 | vM fg |—o.609 |+2.70 
Mor.-Ev. | Ap Am M v At 
1450-I12tr...| +1.50 | +0.68 -—5 +7 | —29%5 
I426;-I12Iz...| +1.67 +0.64 —=10 Gy —250 
1413 —1526:...| +1.34 —9.,.25 +30 7 —2.0 
1426;-1103;... «| -E.43 +0. 73 —21 = te) =. 
I4I4 —15262...| -+-1.34 —0.25 + 7 — 6 —2.2 
EAZ0:—-T1032.=.| 4-5-28 0.77 —F 4 Se —1I.2 
T4302-1542r.. | 1-110 —Or2r => fo) =e) || ape. 
EA4O —15422...| +-1.10 —0.21 +19 ae —0.7 


+2.19 Mat 2.95T=—45 
+2.95 MatI5.147=—I14 

The 85 star at ~=—0/4, y=+0/7, which does not have the same p.m., is 
found to have a parallax = —0"004+07007. 


7 =+ 4.2=+07007+0"004 
fa= — 26.2= —0%043 0.012 


Comp. Star Br. 
GBP oS bf 
2a, ace f 
Percale ene bf 
PRE, a eae f 
Patina eee bf 
(Ne Ae con ee bf 
Nn on shite bf 


y € P.E. 
+2'5 | +0%013 +07008 
+2.9 —0O.O0I 0.005 
—I.I —0o.co2 0.006 
—2.3 —0.019 ©.009 
—4.C +0.010 0.003 
+o.8 +o.018 0.005 
a7, —0.019 +0.002 
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Boss 5602 a@=21)4r™518 6=+25°6' 


Pl. No. Date t Obs. Qy p m Remarks 
7OIz..|1915 sept. 29 |— 8.2 | vM fg |—0.642 |+0.75 
WO 29 |— 4.2 | vM g |—0:642 |--0.75 
702). 29 |+ 0.7 | vM fg |—o0.642 |+0.75 : 
730i Oct. 1 |— 7.0 | vM fg |—o.661 |+o0.75 | Trail 
1451x..|1917 June 27 |—14.0 H {> |--0.'706"|-- 2540 
I45I2.. 27 |— 9.7! vM f |+o0.706 !|+2.409 
1452:.. 27 |— 4.2 18] fg |+0.706 |+2.49 
14522.. 27 o.0 | vM fg |+o.706 |+2.49 
1465... July 13 |+ 2.5 | vM fg |-+o.510 |-+2.53 
1466:. . RoE Ya gh tials fg |+o.508 |+2.53 
14662. . 13 |+12.7 | vM fg |+0.508 |+2.53 | Clouds 20™ exp. 
HELO oo Oct. 8 |+12.7 | vM g |—o.742 |+2.77 
15 SOm nuns Q>|-- 2.0 H g |—0.754 |+2.78 
1586... to |-- 4.0 | Ht fg |—o.763 |+2.78 | Hazy 25™ exp. 
Mor.-Ev. Ap Am M v At 
I45lr- 7Olr...| +1.35 +1.74 | +152 —4 —5°8 
T451a— 730... -| 1.37 +1.74 +155 —1 —2.7 
TAG 2 Olen ect bass +1.74 +150 — 6 0.0 
TAS 23) 7O2s- ete Less +E.74 +165 +9 —0.7 
1465-1580 ...| +1.26 —0.25 20 —20 +0.5 
1406:-1586 ...| +1.27 —O725) — ns +14 +3.7 
14062-1505 ...| -K1.25 —0.24 — 14 + 4 0.0 


+12.30Me+ 8.507=+1096 m7 =+ 2.1=+07%003+0" 005 
+ 8.50 pMat12.1I0T=+ 770 pa=+87.7=+0%1430%005 


Comp. Star Br. x y 7 P.E. 
Divs seo f +0/8 +1'4 | —0%034 +0021 
a otuctarist bf +1.6 +0.3 | —0.026 ©.009 
B Shs Meccaetke f +4.3 +0.5 +0.027 0.010 
A ks eos bb +1.8 —3.4 +0.009 0.010 
‘Pauses eae b 0.0 —5.4 —o.016 0.010 
Oa f —1.2 —I.I +0 .033 0.012 
VET e bf —4.1 +3.2 +o.002 ©.009 
Suaeeicnn f Sen 3S +0.004 +0.015 
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Boss 6129 =Bu 12608 a= 23ha7mgo8 6=+74°50’ 

Pl. No. Date i Obs. Qy p m Remarks 

1064r..|1916 Aug. 3 |+ 3.0| vM’| fg |+0.658 |+1.59 

10642. . 3 i+ 7.5 H g |+0.658 |+1.59 | Trail 

TE; ok Nov. 18 |—17.0 | vM fg |—o.783 |+1.89 

P72... 18 |—13.0 | vM fg |—o.783 |+1.89 

11871. . Dec. 16 |+ 5.0] vM g |—o.902 |+1.96\| Some astigmatism 

11872.. 16 |+ 9.5 H fg |—o.902 |+1.96f| of 60-in. mirror 

1205:.. 17 |+ 6.0 | vM fg |—o.902 |+1.96 

I2052.. 17 |+10.0 H g  |—0.902 |+1.096 

1474:..|1917 July 28 |+ 3.0 | vM fg |+o.728 |+2.58 | Hazy 20™ exp. 

14742... 28 |+ 7.5 H f{ |+o0.728 |+2.58 | Hazy 20™ exp. 

1483:.. 29 |—18.5 | vM fg |+o.716 |+2.58 

14832. . 29 |—14.5 H fg |+o.716 |+2.58 

I4Q2r. . Aug. 10 |— 9.0 | vM g |+o.582 |+2.61 

T4Q22.. Io |— 4.2 H g |+o.582 |+2.61 

T5O7 |< Ir |— 4.0 H g |+o.568 |+2.61 

1605 .. Nov. 8 |— 7.2 | vM g |—o.691 |+2.86 | Hazy 20™ exp. 

O25... Dec. 8 |— 9.0| vM g |—o0.888 |+2.94 

FOZG).- 8 nas H fg |—o.888 |+2.94 

Mor.-Evy. Ap Am M v At 

T493;-1372r... «| =-1.50 +o.69 +241 +19 —1°5 
1483.-11722...| --1I.50 +0.69 +222 ° —1.5 
1064:-1187:...| +1.56 (Oy) 5p eal —2.0 
1474:-12051...| +1.63 OO +200 Sig 3.0 
14742-11872. ..| +1:63 +0.62 +215 ° —2.0 
I0642-12052...| +1.56 =— O37 oss 12 —2 95) 
TAQ2r-1605) .. 4) obo 27, — O25 + 18 — EL Stats) 
T5O7—LO26). eel 2 A0 —=O).33 — — 26 Sao 
¥49@2-1635 .-.| +1:47 | 0.33 | + 44 “A014 458. 


+2.28 wat 1.657=+ 535 
+1.65 fot20.587=+1547 


tT =+ 59.8=+0"097+0"004 
pfa=+191.4=+0"7312+0"012 


The 11™5 companion, being covered by the sector, does not show any images 
on the plates. 


Comp. Star Br. x y 
ja anand ee f +o!1 +414 +o 
De vtehe tone ff 5 +2.5 —o. 
Le Pr AACR f +7.0 —1I.4 On 
Ps RAD eae f 0.0 —3.4 +o. 
[ate een f +0.8 4.3 —o. 
Grr Patani ar bf —4.7 —I.4 +o. 
Cie icine cn b —4.4 +4.5 —o. 
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SYSTEMATIC ERRORS» 


The discussion of systematic errors in the second series of paral- 
laxes showed that there was no reason to suppose that these errors 
surpassed 07003. In a briefer form the same line of reasoning will 
be sufficient to show that the same conclusion holds for the material 
published in the present series. 

Internal systematic errors—a) The practical absence of a 
magnitude-error can be seen from Table IV, which gives the mean 
parallaxes, their probable errors, and the numbers of comparison 
stars of different brightness used in the present paper. 


TABLE IV 
bb b bf f ff All 
iINeanw ernie —07003 +07%002 +0002 —o/oor —o0%003 07000 
Mean P.E....| 07008 07008 07007 07008 07009 07008 
Wises apes 3 Il 70 99 ne 196 


The parallax of only one physical double star has been measured 
since the publication of Contribution No. 136; this would add one 
more value to Table III of that paper, viz., 


(7.26, r=+0%018 


Boss 2442:| _ 
| ere Tae 74, 7=+0%016 


= eS = ” 
hee | am 0.48 Am=+0%002 


b) For an investigation of a systematic error due to the neglect 
of the quadratic terms in x and y the comparison stars were divided 
into 49 groups according to their position on the plates, each 
group containing 1 to rr stars. The weighted mean of each group 
was used as the second member of an equation of condition of the 
form: 

+a+bx+cy+dx?+cxy+fy?= mean 7. 


Solved by least squares these equations gave as a resulting correction 
to the parallaxes of the central stars +0”%0009+ 070008. 

External systematic errors——a) Although five additional fields 
with available parallax determinations by other observers are 
included in the present paper, the material is still too scanty for any 
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definite conclusion, as many of these observations have little weight. 
For N.G.C. 224, for instance, there are five other observations, 
ranging from —o’320 by Franz to +0%171 by Bohlin; for N.G.C. 
2392 one value is given, viz., —o%036 by Bohlin, and for N.G.C. 
6720 we have the old value by Newkirk, +07%067, and his later 
determination, +0015; for B.D. +36°3956 Kapteyn gives 
+0087, which, corrected for a magnitude error, would become 
+0%062.* For Nova Persei No. 2 there are available, however, 
four rather consistent values, which are mentioned on page 5; 
the weighted mean is +0/%015+07008. 

b) The mean difference p.Boss minus uavM in this series is 
o”o00, and accordingly the indicated correction for the parallaxes 
is also 07000. 

c) For twelve stars in this series we can derive parallaxes from 
van Rhijn’s tables. The mean difference tyr—aym is —070094; 
this large quantity is principally due to Boss 6129, for which the 
difference is —o’%062. From spectroscopic observations Adams 
derives for this star a parallax of +07132, and it is probable that in 
reality it is considerably nearer than would appear from its appar- 
ent magnitude and proper motion. Excluding this object, the 
difference tyrp—7ym becomes —0”0046, which is in good agreement 
with the value —0’0056 found before. 

d) In the discussion accompanying the second series of paral- 
laxes we compared the Mount Wilson results with those of other 
observers by means of van Rhijn’s tables for the stars of types F, G, 
and K having magnitudes between 5.00 and 6.99 and proper 
motions less than o”500. There were only 68 stars available with 
86 observations. This material has later been extended to all 
stars of spectra B to K whose proper motions are known, excluding 
only those stars whose proper motion exceeds 1”. From this com- 
parison, which includes 776 observations, we find for the Mount 
Wilson parallaxes a correction of —o’oo2. 

e) A comparison of the values published here with the parallaxes 
determined by Mr. Adams by his spectroscopic method gives for 13 
stars, which we have in common, a difference adams — TvM, — 00042, 
which also agrees well with the value —0!0033 found before. 

1 See Publications of the Astronomical Society of the Pacific, 28, 280, 1916. 
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The conclusion that the systematic error in the Mount Wilson 
parallaxes can hardly surpass 07003 seems therefore to find corrobo- 
ration in the results of the present series. 

Miss Coral Wolfe, of the Computing Division, has given much 
assistance in the computations, while Mr. W. P. Hoge has again 
rendered most efficient help in securing the exposures; to both I 
wish to express my acknowledgment. 


Mount WILson SOLAR OBSERVATORY 
April 15, 1918 


ERRATA TO CONTRIBUTION NO. 096 
Page 9, No. 240 for d= 35°0 read 145°0 


Page 11, No. 206 “ @=206.3 “ 243.7 
Page 11, No. 310 “ @=242.4 “ 207.6 
328.9 


73 
Page 16, No. 480 “‘ 6=263.6 “ 276.4 


ce 


Page 12,,No. 345 |° @=211.1 


ERRATA TO CONTRIBUTION NO. 136 


Page 35, Table III, for 1904 read 1014 
Page 41, 11 lines from the bottom, for (log) read log 
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Contributions from the Mount Wilson Solar Observatory, No. 159 
Reprinted from the Astrophysical Journal, Vol. XLVIII, No. 4, pp. 214-240, 1918 


THE VARIATION IN LIGHT AND COLOR OF 
RS BOOTIS 


By FREDERICK H. SEARES anp HARLOW SHAPLEY 


A variation in the light of RS Bodtis' was first noted by 
Mrs. Fleming on a photograph made at Arequipa on May 24, 
1906.7, Other plates in the Harvard collection, some made as 
early as 1890, indicated a period of about 12 hours and an ampli- 
tude of one magnitude. Visual observations by Seares and Haynes 
at the Laws Observatory in June and July, 1908, gave the pro- 
visional elements 33 


Max.=J.D. 2418115.626-+0.37722 E, G.M.T. (1) 


and revealed a variation similar to that of the short-period vari- 
ables so numerous in certain globular clusters. 

Only a few such objects were known among the stars at large. 
Williams, during 1900-1903, had recognized Y Lyrae, UY Cygni, 
and RZ Lyrae; and observations at the Laws Observatory in 
1906-1908 had identified RV Capricorni, SU Draconis, and 
SW Andromedae. RR Lyrae, RR Geminorum, and one or two 
others had previously been discovered; but the total number of 
isolated cluster-type variables, now about forty-five, did not then 
exceed a dozen. The discovery of RS Bodtis therefore emphasized 
the interest of this peculiar type of variability, and the visual 
observations begun at the Laws Observatory were accordingly 
continued with some persistence until July, 1910. The results 
of these measures, 542 observations in all, are collected in Table I.4 

t B.D.+32°2489, 9.3, 14¢27™218, +32°23/4 (1855). For a modern position cf. 
Astronomische Abhandlungen der Hamburger Sternwarte, 1, No. 3, 1909. 

2 Harvard Circular, No. 124; Astronomische Nachrichten, 174, 105, 1907; 176, 
188, 1907. 

3 Laws Observatory Bulletins, 1, 240, 1908. 

4 These observations were made with the assistance of a grant from the Gould 
Fund of the National Academy of Sciences. 
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2 FREDERICK H. SEARES AND HARLOW SHAPLEY 
TABLE I 
VISUAL OBSERVATIONS OF RS Bo6TIs 

J.D. | Phase | $2" |vis. Mag. O—C JD. Phase | (2% |Vis. Mag.| O—C 
2417- 712.661.. 59 bH | 10.22 | +16 
660.611.. Sone GH | etONs 7 ater iO Zin 70 6H |) 10:30 | 4-17 
CHO ,OOu |= ts VOOSie 83 bE || 20236) | 05 
1685 ea 154.1, CEL ||) ToL0s2la-20 TOO) ae 98 bH | 10.47 | =-20 
el | ue Cey o> 2 SYP sicua|) SAS (Maly) Gxoylihe | 43277) 
A bl ROE aH | 10.94 | +32 -748..|| 146 bH | 10.65 | +19 
sbaluarometenh meer uM adios. al) Biri lel | sve jeies is 
7 80h 2550 CEL TORO da l= 20 HOZ bie 14 bro 368) --30 
bH | 10.98 | +32 .649.. 28 bE |10. 45" |) 1-590 
667.608..| 285 GHG 1OL 85a 1-20 007s 46 bH | 10.33 | +35 
SS bH | 10.80 | +11 n0S3er 62 bH | 10.38 | +30 
LOST 328 | =eklel TOv04N i a-24 #005 <1 74 bH | z0.53 | +38 
DEL exon 35 noers Se] es LOO DED 1084301 13 
.697. B74 CE Ovary 54 TAA 8 DER StOn S50) 7 
bH | 10.46 | +12 27OLe | x40 bH } 10.47 | + 3 
N20" 28 | aH 4 10.30) +44 SED oll ASR bH | 10.52 | + 4 
bH | 10.36 | --50 17 Q0 we |LOG bH | 10.55 | + 2 
. 764. 64 | aH | 10.25 | +16 POLZ eal LOE bH } 10.54 | — 3 
bH | 10.19 | +10 SoZ Tae 200 bH | 10.59 | — 1 
. 869. 169 aH | 10.53 ° TOA BS Zee bH || 10.46 | —17 
bH | 10.62 | + 9 -802.,| (2A bH | 10.47 | —18 
gio 210] aH | 10.62| + 1 .880..| 259 bH | 10.43 | —24 
bH | 10.635), 2 | 700. 61705) 24r bH | 10.57 | — 8 
675.909..| 285 | @H | 10.96 | +27 .640..| 264] OH | 10.76] + 9 
bH | 10.95 | +26 POS Oia |e 25o. bH | 10.73 | + 4 
O70 75h 3530 Cre HeTOnoAa ie SO7 Ta (9N2O5 OE | 10270) | =iaaer 
bH | 10.39 | —24 || 742.623..| 212) aE | 10.35 | —26 
687.590...) 268 bH | 10.81 | +13 bH | 10.25 | —36 
.826. Lor bH | 10.70 | +30 ROSA a meas bH | 10.50 | —15 
. 849. 150 bH | 10.62 | +15 FOSE- 270 bH | 10.54 | —14 
.868. 169 bH | 10.63 | +10 7ZOLen |) 200 bH | 10.59 | —11 
.890..| I91 bH | 10.60 | + 3 weve al S20 | WEL Ih ieee 1G 
689.703..| I17 bH | 10.52 | +16 TT eal) 300 bH | 10.41 | — 6 
TOG 149 bH | 10.53 | + 6 .806.. 18 bH 9.94 | — 6 
a7 OSs 179 bH | 10.63 | + 8 (O32 44 bH | 10.30 | +34 
810 224 bH | 10.82 | +19 2805/2 77 bH | 10.32 | +15 
.840. 254 bH | 10.77 | +11 || 762.632..| 224 aH | 10.62 | — 1r 
18720 280 bH | 10.80 | +10 .634..| 226 bH | 10.56 | — 7 
690.585..| 245 bH | 11.05 | +40 POOOnms 252 aH | 10.62 | — 4 
6or..| 261 bH | 10.96 | +29 OOC ee Gates 5 bH | 10.57 | — 9 
697.580... 70 bH | 10.28 | +15 .682.5| 274 | @H | 10.78 | +10 
.605. 95 bH | 10.25 | — 1 .686..] 278 bH | 10.89 | +20 
10320 22 GEL oN 10, 759) 1-37 .688..} 280] @H |} 10.92 | +23 
bH | 10.46] + 8 .692..| 284 bH | 10.54 } —15 
.658. 148 bH | 10.76 | +30 -714..| 306 | @H | 10.89 | +19 
.690. 180 |} bH | 10.81 | +26 AV ANS), all sexets bH | 10.68 | — 2 
738k 222 bH | 10.87 | +24 AO As aH | 10.74| + 5 
SUT OR 268 bH | 10.89 | +ar1 AYRES ol BAR bH | 10.84 |] +16 
OSn 283 bH | 10.99 | +30 OS er ro | @H | ro.23 | --rr 
811. 301 bH | 10.80 | +10 aefeksho 13 bH | 10.42 | +34 
873. 303 bH | 10.59 | + 7 BOs ome 53 | @H | 10.02] —1 
712.649 47 bH | 10.26 | +27 .840.. 55 bH | 10.08 | + 4 
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TABLE I—Continued 
JD. | Phase | G80 |Vis. Mag.|, O—C JD. Phase | $t2% |Vis. Mag.| O—C 
763.643. 103 GH || 10.50) | 4230. ||| O37.020n. 70 | aH | 10.11 | — 2 
645. tos | 6H | 10.34|] + 4 bH | 10.23 | +10 
O77: 137 aH | 10.44] + 1 || 057.667..| 180] aH | 10.19 | —36 
.678. 138 bH | 10.32 | —11 bH | 10.33 | —22 
702 162 aH | 10.57 | + 6 .683..| 196 bH | 10.34 | —24 
704 164 bH | 10.54 | + 3 SYS oil Baek bH | 10.34 | —27 
ay ley ee 167 aH | 10.62 | +10 SOAR ch BERS bH | 10.30 | —35 
. 700. 160 bH | 10.46 | — 7 || r15.626.. epaall Gs! 9.72 | —13 
777.62 128 bH | 10.40 ° .665. 71 as 10.02 | —12 
654 153 bH | 10.59 | +11 . 708. 114 | aS | 10.38 | + 4 
7OI 200 bH | 10.50 | — Gfitios At eis) as TRO) AKG) |) ee} 
750 240 bH | 10.82 | +16 SAS SES as 10.79 | +32 
weOSe, 207 bH | 10.63 | — 7 .780..| 102 aS 10.85 | +28 
FSTIOL2 oo 802 Gres) T0277 7 -790..| 106) @H | 10.72) | -pr4 
.614. 304 bH | 10.41 | —29 bH | 10.61 | + 3 
5032 322 aH | 10.80 | +10 . 836. 242 as Ir.00 | +35 
-634. 324 6H | 10.98 | +28 . 840. 246 | aH | 10.68 | + 2 
706 19 | aH 9.73.| —26 .843. 249 | aS | 10.80 | +14 
s7OSs 21 bH | 1to.14 | +18 . 883. 289 | @S | 11.05 | +35 
788 .606..| 163 aH | 10.44 | — 7 . 887. 293 aH | 10.79 |} + 9 
.608. 165 6H | to.56 | +- 5 || 127-,610. 138 | aH | 10.36 | — 7 
624. I8t aH | 10.61 | + 6 bH | 10.32 | —11 
.626. 183 bH || 10:45 | —11 nOnE 176 as 10.58 | + 4 
.642. 199 (Hel | aitoory Se GS) |) 10.6r | -- 7 
.645. 202 bH | 10.60] + 1 . 704. 2235 OSes lOns Onl ae 
. 661. 218 | @H | 10.44.) —18 bS | 10.58 | — 5 
.664. 221 DEIN IETO. 7on\ a0 Ake 260 aS 10.47 | —20 
. 685. 242 aH | 10.73 | + 8 bS | 10.63 | — 4 
.687. 244 bH | 10.65 ° 2783. 302 Os) LO || —= ©) 
- 709. 266 Ghel j) wok | ang 5 FSi 306 bH | 10.67 | — 3 
7i2 269 6H | 10.83 | 4-15 eX) 348 bS | 10.62 | — 4 
WES. 292 GEM etOnOGh tr nOSee 351 bH | 10.70 | + 6 
ee 204 GED 102638) 07 .865. ay bS 10.21} + 4 
150%: 316 aH | 10.96 | +26 . 868. ste) DEER SLOR ES a mestaas 
loom an Ries: DEA On 45a a 1872 14 bS 10.00 | — 6 
004.683..| 212 ASE li Stou ip || sis) .874. 16 bH Qe |} — & 
be || 10.58 | — 3 .878. 20 bS 9.80 | —17 
+700. 238 GH. | 10.38 || =-27 . 880. 22 as 9.74 | —20 
bH | 10.46 | +19 . 883. Des aH 9.74 | —16 
e770 305 GE toOe4 7) 23 . 886. 28 as 9-85 | — I 
bH || 10.47 | —23 bS 9.86 ° 
874. 26 aH G,Ght || = % .890. Be aH 9.72 | —13 
bH 9.87 | —1 .893. 35 as 9.76 | —1II 
. 898. 50 aH 200) || = 35 804. 36 aH 9.71 | —17 
bH 9.79 | —22 .897. 39 as 9.81 | —I0 
AOE 65 aH O)te18) |) —wie |} Tiss Croy,. 369 as TOs. ull 
bo 9.91 || —20 .607. Bee || tis) || SHO) BY ° 
2418- . 610 Ais || GS) || Ae |) = 6 
037.508. 109 (Bl || Wey 7 | Sante Odie 376 as ino}, 147 | ee 
.656. 167 (ial | axeywmir | ree .614. I aS | 10.08 | —19 
.700. 257 CERINTO; OS) = 3 OD Tes ye || GS) 10.01 | —21 
Oe 278 (EE || axe rah | ones 620 7 as 9.89 | —28 
.899. 33 (ME) |) ne. ue) See 622 9 | as OVteey || ee 
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TABLE I—Continued 
J.D. | Phase | $t2 |vis. Mag.| O-C J.D. Phase | $2! |Vis. Mag. 
118.625.. 12) ¢s 9.81 | —28 || 131.785..| 344] 5S | 10.80 
O27 14 | aS 9.84 | —22 cutee ole ery) bH | 10.62 
1620" 16 | as 9.72 | —31 E7004 || 340) 0S.n |) £0270 
MOST 18] as 9.72 | —28 see sl) BER bH | 10.75 
"O25 22 as 9.71_| —23 .801..| 360 bS 10.63 
.638.. 25 | as 9.77 | —13 eral ore || folel || kenny 
.639.. 201 = as 9.69 | —I9 S805 a4 304 1a OSa |) £050 
S043) 30 | aS 9.74 | —II SO7 Jel SOO nO EL aELO 302 
-646.. Pes | aks 9.82 | — 4 .810..} 369 bS | 10.40 
.649.. 20) | as 9.86 | — 2 Fepwavel|) Uvis bH | 10.47 
AOE Cb 36 | as 9.82 | — 8 .819.. I bS | 10.16 
1668... |S 55.| @S 9.93 | —I1 BO 22 4 bH | 10.00 
HO7One Cy fale ars) 9.93 | —12 .826.. 8 bS | 10.09 
.685.. TE) Cisyn Weikeas acs, lise ll SRS. 60 | @H | 10.07 
MOS Tie 7A) as 10.06 | — 9 bH | 10.02 
7OSse Ose) aS lerOn2o ° +067. O4 | Sclie pi0.27 
a7 LOM yl Gis |) ues’ || Sey bH | 10.30 
Aveeie ol) sats) | Cs) eo) tkolneaed | yee) 7 Lome 145 |e CEUm Eto NAS 
skeeis ol) eee |) CASE |) akoaewi IS a bH | 10.40 
2700 oi) LS ORE CONE LOS Sula .764..| 19r | @H | 10.68 
Se hiBoo Ih Sayles ASE Wakes || Sr bH | 10.59 
eee cl Oe as 10.50 | —12 || 139.615..| 250 | aS 10.30 
seemch WAG sy |) aonyel |) set sy || ake 
OAM 2277 EL) | TOn00™\) 03 OLG sales 3 aH | 10.76 
ROA Ana 20 aH. |-10262)| =. 2 DEHaRTOn74. 
bH | 10.64 ° 10908)! BS 25 Teak a Sto. 70 
120,004.) 105 CLL N | TOs 4a 10 bH | 10.69 
OOOmel|mT coy aH | 10.20 | —11 =7I4<.<\|| 340 as 10.53 
POLO we tar Dos aS | 10.17 | —16 bS | 10.62 
SOT20 wil | LEZ ala Gas |e LOstON|e=— 15 pybasecl Sige ly dAsl |) ates 
SOTA ras aH | 10.31 | — 4 (Qa |i steyeiys 
.616..| 117 | @H | 10.26 | —t10 a9 ee oll BS) |) eS) || ee 
2OTOin |) £20) | aSya|) TOn25ele— ne bSP aes 
1022) all Lesh NMCOMM ato sd 220 SV in cll ROR aH | 10.49 
KO. o | ey aH | 10.38 | — 2 bH | 10.48 
bH | 10.35 | — 5 Bee oll, Oy as 10.38 
Mog, ol adh else | avery || aie bS)) | 10233 
bS | 10.35 | — 7 73 Ose eo TE GH: |510131 
122.015... 220 |) as) ||) To=44.| 20 bH | 10.42 
bS | 10.48 | —16 ype all  2u75 aS | 10.26 
SOyfitne | Pie sais lf nie iany |) aa bS | 10.43 
bS | 10.45 | —24 TAT om 5 GAL |! axe). 6) 
-7160..| 3301 @S | 10.72 | + 2 el || atone 
bS | 10.50 | —20 Skee 9 aS 9.92 
ESOS 4A peau aH | 10.58 | — 3 bS 10.24 
bH | 10.61 ° 75 One TAG Ea rORo2 
Keys oi SAO Ws) Il aon eis || = bH | 10.07 
bS | 10.62 | — 5 Orme 18, a5 9.86 
¥700 ssa | 25 Ou Ole ETOP Ose | pete bS 9.91 
SPAS |b BOP BSu tl] LOn Ose OSes 23 oH 9.89 
1453.) 304 |" DI 1G. 9a uh ets bH | 9.97 
Syl moll eke OSWR AT ON nial Owe Dey |b Tak) 9.63 
SYD ol ee) EL I uteyse(y || SE bS 9.84 


++ | 
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TABLE I—Continued 
eye Phase Powe Vis. Mag./~O—C AB). Phase ae Vis. Mag.} O—C 
TION 7 7AN 32 aH 9.80 | — 5 || 178.624... 19 | aH | 10.02 | + 3 
bH 9.or | + 6 bH | 10.05 | + 6 
TRO 37 aH 9.82|/ — 7 ODOM. 21 aH 9.95 | — 1 
F782 oe 40 aH | 9.76 | —16 bH | 10.03 | + 7 
.786.. 44 aH 9.89 |— 7 . 630. 25 aH 9.76 | —14 
bH 9.907 | +1 bH 9.89 | — I 
-799.. 57 aH 9.97 | — 8 . 633. 28 aH 9.89 | + 3 
SOL 4. 59 aH 9.96 | —10 bH 9.94 | + 8 
PAS OST ee | TES aS | 10.33 | — 2 .638. 33 | aH 9.87 | + 1 
bS 10.29 | — 6 bH 9.90 | + 4 
.649. 133 | @S | 10.17 | —25 .642. a |) wiel 9.903 | + 4 
bS | 10.27 | —15 bH 9.89 ° 
T53.077 351 aS | 10.69 | + 5 .646. 41 aH 9.85 | — 8 
Oe) O87 1027 CH 9.07 | 4 
HOSS ele 3357 @H | 10.75 | +15 .656. 51 aH 0-07) = 5 
bH | 10.74 | +14 bE, |) 102055), 3 
705. 2 aS TOnAS ea 20 .667. 62 aH | 10.00 | — 8 
dS Io.24]| — 1 bH | 10.12 | +4 
paca 9 bH | 10.16} + 2 .695. Oey) Wel |) ae || = 
713 Be) bH | 10.07 | — 5 bH | 10.18 | — 6 
eOs 13 bS LOVO6 | —9 3 472.6820. 3734) doh) to.20 3) —16 
717 14 bS 9.92 | —I4 bSh | 10.17 | —19 
721 18 bH 9.82 | —18 || 475.673..| 100} aH | 10.08 | —20 
AP te 22 bH 9.71 | —23 bH | 10.24 | — 4 
sey le 24 bS 9.7 —I2 711 138 |) @b |) rosrs) | 25 
720 . 26 bS 9.67 | —21 bH | 10.32 | —11 
733: 30 aH 9.84} —1 -740. 167 aH | 10.22 | —30 
Sy ee 32 aH 9.807 |) =>" 6H |} 10.39 | —13 
169.639.. 89 aH | 10.10} —14 || 477.761..| 302 aH | 10.69 | — 1 
bH | 10.04 | —20 bH | 10.46 | —24 
.656. LOO = GH |.1O323 3) — 7 sypelste 326 | aH | 10.86 | +16 
bH | 10.18 | —12 bH | 10.49 | —2r 
E7OSOSO. 1) 35a bH | 10.69 | + 6 .842. 6 CMa | aioyityp |) ae 
. 699. 17 bH | 10.13 | +11 bH || 10.34 || --16 
B7 LO ins oT DELS |RtO024\e—-53) .849. 13 aSh | 10.24 | +16 
T76e002 6) 275 aH | 10.88 | +20 bSh | 10.18 | +10 
bH |} £2.00 | =-32 .854. 18 aH || 10,00)\)-- 6 
BO33. axon) |) “GAEL WN etoyiyfed |) oS 2) (QSL |i Wey, iy Way 
bH | to.o1 | +21 867. ar | aSh|) o.71 | —T4 
50535 312 |} aH | 10.73-| +3 .869. Bey | Gtslal |i ee |) — 71 
bH | 10.80 | +10 .872. 36 | aH 90-73 | —15 
ovis, BEV GAEL || Gidea ll = yy bH 9.67 | —2r 
bH | 11.05 | +38 || 479.704..| 359 | @H | 10.69 | +11 
.702..| 361 | aH | 10.88 | +33 bH | 10.74 | +16 
bH | 10.85 | +30 . 709. BOq CHIN s10"57.|"-1-0 
A7LOs aTe aH | 10.76 | +44 Hel || ay SA | ae 2 
bH | 10.89 | +57 E1338 II (BEL || TxA |p Seite 
178.612 7 GE | Toerr | — 6 el || ey, iis |) => 7 
bH | 10.18 | + 1 - 730. 7a OO = 4 
NOLS ns TOM CEUs tonZo uo bH Q-Q1 | —II 
bH | 10.10 | — 2 .760. 38 | aH 0:87 |) — 93 
NOL Ones 13 aH | 10.08 ° bH 9-05 | =- 5 
OH) 10822 |) F314 70502 Age ih ul 9.78 | —17 
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TABLE I—Continued 

JD. Phase | $t#% |vis. Mag.| O—C yD. Phase | $2! |vis. Mag.| O—C 
479.705.. 43 bH 9.84 | —11 || 504.658.. 33 oH 9.86 ° 
aifstsle. 66 | aH, |) 10705") = 6 bH 9.85 | —1 
bH 9.91 | —20 O77 Ave 49 | aH 9.99 | — 1 
fh SO1 000h 2) |e CEL || TOrdOnaaaLs bH 9:90 | — 4 
bH | 10.29 | + 4 OODer 56 | aH!) to-vor |! — 4 
NOLAUE Gi |p Gael |) ateyere |) Selva: bH 9.03 | —12 
bE | 10720710 .698.. 72 GEL | tO; 20 qt ta0S 
ROZOue 13 ZEA LOLO4S a4: CES TO. Tea 
bHL |. 1071620 -- 8 SOAs 79 aH | 10.19 | + 1 
2027 ere 201} aH | Toxog I-22 bH | 10.13 | + 5 
bH-| 10,02 | -- 5 || 837.627..]| oo |) ash’) 10.52 |) — 5 
.635..| 28] oH | 9.92] + 6 bSh | 10.69 | +12 
(o) = Gi ce Pa s10 i a .637..| 200 | OSh} 10.60 || -- "5 
.640.. 23 aol 9.91 | + 5 -643..| 206] aSh] 10.60 ° 
bH 9.83 | — 3 bSh | 10.76 | +16 
.646.. 39 | aH 9.91 ° NO7Sin | ee24 bSh | 10.66 | + 1 
bH 0475 | —16 .683..| 246 | 0Sh| 10.62 | — 5 
SOE « 465 | CEE |BLOLOOM | meiate2 ,691: «| 254 | 6Sh | 10.66 ° 
bH 0.0531 <= 3 57205 2| 9 204ml OSE rOn5 oa ea er 
MOWIRE « 63ul WEL 10,090 Ma— 93 .736..| 299 bSh | 10.67 | — 3 
bH | 10.11 | — 1 || 840.642..| 186 bSh |} 10.31 | —25 
SOSOrrs Te CAB A} meyer) |e) .716..| 260] aSh| 10.59 | — 8 
bH | 10.09 | — 6 bSh | 10.74 | + 7 
+707...) too | @H | 10.14 |; —14 |) 8630727 01 250.) ash) 10:54 le — 74 
(lel |i sieyakiy || ee bSh | 10.58 | — 8 
Soie@he oll ageyAil GAC Weston | Eh sa [I Sooo. o|| Aae bSh | 10.76 | + 9 
bH | 10.21 | —10 5624.5] 206 bSh | 10.67 | — 1 
Byfon\| ete) || Glal | sxe).6) | aa .678..| 320 | bSh| 10.55 | —15 
(Mali skeen || <> & SVE alle kon bSh | 10.27 | —28 
a7 we|| SOS aH | 10.49) + 7 a7 2A| 300 ash | 10.35 | —12 
el || Gweingiy 4 ae & bSh | 10.24 | —23 
ROD 042 Nei eecOL aH | 10.55 } —14 Wyse sll <ye bSh | 10.27 | —14 
bH | 10.58 | —11 a7 S5oe ° bSh | 10.18 | —11 
-649.:| 287 | aH | 10,60 | —z0 mAs 6 bSh | 10.07 | —11 
bH | 10.60 | —10 Sade 9 bSh | 10.06 | — 8 
SOAGOL 2: cal GOAN ln LO 777 |=t=20 GMs 3 12 bSh | 10.02 | — 7 
bH | 10.78 | +27 SV Re 18 bSh} 9.84 | —16 
.617 |. 369 | @H. | 10:62 | -E19 37501 21 | aSh| 10.23 | +27 
bH | 10.73 | +30 7 OOn- 25 | aSh] 10.06 | +16 
APO alle Shiu Wal | noas || sone bSh} 9.91 | + 1 
bH | 10.50 | +18 SUK Fo 32 bSh | 10.03 | +18 
.028.. el valel | atescee ject 4 -770-% 35 aSh | 10.05 | +18 
bH | 10.28] + 4 Sian 40 ash | 10.12 | +20 
OBR = Su GEL, ros 27e\ m2 bSh | 10.14 | +22 
bH | 10.12 | — 3 7S0me 51 bSh | 10.04 | + 2 
ACIS 13)|) @H |) Tostool rie WS 7Ra7 54 350 aSh | 10.54 | — 4 
bH | 10.13 | + 5 -759.-| 364 | a@Sh]| 10.32 | —10 
OAR 18 | aH | 10.01 | + 1 bSh | 10.28 | —23 
bH 9.99 | — I H7 OG aralanes 70 ash | 10.26 | —13 
.648.. batalla 9.83 | —I0 eh B I aSh | 10.01 | —26 
bH | 10.02 | + 9 fifi 6 aSh | 10.06 | —12 

TORS ar 28 | aH 9.89 | + 3 SU foils 12 | aSh] to.02 | — 
bH 9 87/+ 1 .780.. 17 aSh | 10.13 | +11 
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TABLE I—Continued 


J.D. | Phase | St@% |vis. Mag.| O-C JD. Phase | St@% |vis. Mag.| O—C 
—_ 

876.652..| 353 | a@Sh| 10.52 | —1r || 879.705.. to | aSh| 10.09 |] — 3 
.656..} 357 | a@Sh]| 10.59 | — x R70 Siac 13 | a@Sh| 10.09] + 1 
bSh | 10.46 | —14 AoE 23 | ash} 9.98| + 5 

870.635..| 357 aSh | 10.50 | —20 One 25 ash} 9.92] + 2 
bSh | 10.61 | — 9 BR 37 | a@Sh]| ro.12 | +23 

.662..| 344 | a@Sh] 10.76} + 9 e 730m. 4I aSh } 10.10 | +17 
.694..| 376] @Sh| 10.23 | — 7 SENS ac 50 | a@Sh] ro.15 | +14 
007%. 2 aSh | 10.22 | — 3 bSh | ro.01 ° 


An important question concerning cluster-type variables is that 
of a change in color paralleling their fluctuations in light. Their 
many analogies with the Cepheids, which were known to vary in 
color, had suggested such a possibility, although the cluster variables 
were not then classed with the Cepheids as they now usually are. 
The photometric methods developed for use with the 60-inch 
reflector afforded a ready means of measuring color; and photo- 
graphic and photo-visual observations of RS Bodtis on three 
successive nights in July, 1914, gave the data in Table XI, and 
established beyond question a variation in color similar to that 
previously detected in the case of the longer-period Cepheids. 

These two series of measures, made with different instruments 
by wholly different methods and separated by an interval of several 
years, are discussed in the present paper for the purpose of revising 
the light-elements and determining mean light- and color-curves. 
The publication of the results has been long delayed, partly through 
occupation with other work, but more particularly by a series of 
mischances in securing the polar-comparison plates necessary for 
the determination of the zero-points, so that it was not until 
recently that the magnitudes could finally be reduced to the inter- 
national system.* 

THE VISUAL OBSERVATIONS 


Most of the visual observations listed in Table I were made 
with an equalizing wedge photometer attached to the 73-inch 
equatorial of the Laws Observatory; those for J.D. 2417762-88, 


t Results of a preliminary reduction were given in Publications of the Astronomical 
Society of the Pacific, 26, 202, 1914. 
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however, were obtained with a Zollner photometer and a 43-inch 
equatorial. An account of the methods of observation and reduc- 
tion will be found in Laws Observatory Bulletins, 1, 94,187, 1905, 1907. 

The decimals of the Julian Day in the first column of the table 
are expressed in Greenwich mean time. The unit for the phase 
in the second column iso.oo1r day. ‘The letters in the third column 
indicate the comparison star (@=B.D. +32°2481, mag. 9.2; 
b=B.D. +32°2483, mag. 9.4) and the observer (S=Seares, H= 
Haynes, Sh=Shapley). The visual magnitude has been referred 
to the international zero-point by methods described below; the 
residuals in the last column (unit=o.o1 mag.) are referred to the 
mean visual light-curve given in Table V. 

The measures with the wedge photometer were usually arranged 
so that a single group of settings gave values for the difference in 
brightness of the variable and each of the comparison stars a and b, 
and, at the same time, the magnitude difference of the comparison 
stars themselves. The first step in the reduction was the reference 
of the comparisons made with star a to star 0, in order that all the 
observations might be expressed as differences of the form v—0). 
This required a knowledge of the difference a—b. 


TABLE II 
VALUES OF a—b BY HAYNES 
J.D. Mean Av. Dev. |No. Values TD: Mean Av. Dev. |No. Values 

7 OOOMe eines —0.72 = 6 4 SUT Sae ome: Sep eae aR aes I 
TOO 7a vara crete .65 5 7 ST20e00 oc OUT ater. I 
707 Senne HOS MPs eee be I SieU sees G2 \Mars aves I 
7O7 Qawsetae ee Bi hal iS Gaels eae I SS s lara ens 70| += 7 4 
TOO arta SOs sian ahora I S530). sone 61 4 Io 
DUA Diente Eo Komal rane one I STOOS ase 70 2 2 
7702 saree 59 18 8 SET ON samt 55 6 6 
TOR ee ert .78 2 4 Sb Oars 59 5 13 
fe hed fias ties Bark .34 23 3 ey Wie datos oc 49 2 3 
Cikskelin Acton -59 21 8 SATS aa rnae 72 16 5 
TOOA ete 61 +10 6 SATO iene 65 4 7 
S027 eer OTUItrNcecolar I SSOUM MEE RTE 69 7 I4 
SOS Netrslaks eh orcs acne I SSO2t ere 60 I 2 
OLE Gracie scat 7 a leo acer es I ShOd seers —0.66 | = 6 14 
SLI e nee =< O)O Tl nvete tier I 


The most extensive series of values for a—b is by Haynes. His 
results for each night are collected in Table II, which gives the 
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Julian Day, the mean for the night, the average deviation of a 
single observation from this mean, and the number of values. 
The accidental error of measures with the Zéllner photometer 
(J.D. 7762-88) is large; otherwise the agreement is satisfactory, 
and there is no evidence of variability in the comparison stars. 
The mean for the series is a—b = —o0.64 mag. (108 obsns.). Simi- 
lar, but less extensive, series by Seares and Shapley give —0.64 
(22 obsns.) and —o.s55 (13 obsns.), respectively. The adopted 
value is a—b= —o0.64 mag. (143 obsns.). 

After adding a—b to the values of v—a, the entire series of 
results for »—b was plotted with the G.M.T. of observation as 
abscissa. With the aid of an approximate light-curve drawn on 
tracing paper, a number of epochs were determined for which the 
variable, during increasing light, was equal to star b. The results 
and their estimated relative weights are in the second and third 
columns of Table III. With two similar epochs derived from the 


TABLE III 


Epocus FOR v=); REVISION OF PERIOD 


E J.D. Epoch 1=) Wt. Red.toSun| O—C: Cal. Epoch O-C, 

OOO fare emis sae 7742.783 I —2 -—iI 7742 .7806 — 5 
GSS cnrasieye,2 a 7762.796 I —I +14 7762.785 +10 
SOO ewitaie eine oe 7787 .690 I +1 + 6 7787 .689 + 2 

RB 2O este as bcs Busioie 7794.853 I —3 +10 7994 .846 + 4 
oe eer eur 8115.588 I — ° 8115593 — 6 

Sat Me re 8117.857 5 —I + 5 8117.857 —1 
Santee: 8118 .604 5 —I — 3 8118. 612 —9 

BB os aisiteiwiers 8131 .816 4 ° + 4 8131.818 — 2 

BS see Se eebers 8132.574 I ° +7 8132.573 + 1 

OAS tere te co 8139.736 6 ° ° 8139.742 — 6 
FOL Wehy kates 8153. 703 5 +1 + 6 8153.704 ° 
TAO Settee 8170.690 z +2 +14 8170.684 + 8 
MO Mere cwa ae ste ae 8178.610 4 +3 +11 8178 .608 + 5 
GOO diets ste 8477.841 4 —2 +12 8477 .835 +4 
QUE Nea: lorereysnatees 8479.724 5 = +10 8479.72 + 2 
LO29 ayers ays See 8501 .611 5 ° 12 8501 .607 + 4 
MOQE viesisareseiiac 8504.630 6 ° 13 8504.625 +5 
ZOOM G28 tenes 8871.762 2 ° ° 8871.772 —I0 
DOD Se aye chee tains 8879 .693 2 +1 + 8 8879 .696 —2 
eR PIO 0331 .683 5 ° +19 0331.682 + 1 
woe O70 e ore aiaaye' | 0332.812 6 ° +16 0332.814 — 2 


Heliocentric Time =Geocentric Time —o0400416 cos ( © —201°). 
The unit for the reduction to the sun and for O—C is 0.001 day. 


Mount Wilson photo-visual observations on J.D. 2420331-2, these 
are the data used for the revision of the elements of variation. 
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For the derivation of final elements the following provisional 
values were used 


My=p=J.D. 2418115. 587+0. 377333 E (2) 


The epoch is that of elements (1) corrected by —0.039 day, which 
is an estimate for the interval separating »=max. from v=). The 
period is a value by Pracka* based on an interval of 1185 periods. 
The representation by elements (2) is shown by the differences 
O-—C, in Table III. Discussed in the usual manner by least 
squares, these residuals give the corrections and probable errors, 


E—E,=+0.0057+0.00085 days 
P—P,=-+0.00000206+0.00000035 days, 


whence 
E,=-3=J-D. 2418115.503, G.M.T, (3) 


P=0. 37733506 days 


The very small uncertainty in the period, + 0803, is to be attrib- 
uted to the long interval of seven years, or nearly seven thousand 
complete cycles of variation, covered by the observations. The 
residuals O—C, corresponding to the revised constants are all 
small. The epoch numbers show that the rather conspicuous 
grouping of signs can scarcely be accepted as evidence of irregu- 
larity in the period. The residuals for Pracka’s epochs? (E= — 1185 
and —1143), neither of which was used in revising the elements, 
are +0.002 and +0.084 days, respectively. 

The mean visual light-curve has been derived from the 491 
observations made with the wedge photometer, those with the 
Zollner instrument being omitted because of large accidental error 
(see Table II). The values of »—d were arranged in the order of 
heliocentric phase and divided into 29 groups of 17 each (16 observa- 
tions in the first and last groups), whose means are in the first two 
columns of Table IV. The resulting light-curve, reduced to the 
international zero-point, is in Table V. The normal points and 
the curve are illustrated in the upper part of Fig. r. 


t Bulletin international de ? Académie des sciences de Bohéme, 15, 1910. 


2 Loc. cit. 
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Table IV also gives the deviation of the normals from the curve 
and the probable error of a single observation based upon the 


* TABLE IV 


Normat Pornts ror MEAN VisuAL Licut-CurveE 


P.E. 
Phase Meanv—bd!| Dev. One |Rel. Wt. Phase Mean v—b| Dev. Ge Rel. Wt. 
Obsn. Obsn. 
KOO Meal Ona et Ae =— Ou) te 0.136...| +o.06 | +5 | + 8] 15 
SOOG: «<5 20a 3: Be) II S100. -.2 24 | — 8 15 
FOEQoCA OT i =——2 7h 21 RcO Owe ls ° I2 7 
COESuank .31 | +4 II 8 Fae .30 | —I 12 7 
50102 ..% -34 | +1 9 I2 BOO os .26 | +6 II 8 
AVY Bais es .46 | +5 Siero 251... ney | 2 12 7 
LO20ne -40° | =6 14 5 a200270. Seto || 3 I2 7 
SO33..a> -47 | +1 7 23 528007 42] —4 14 5 
BOR 7icres .46 | +3 9 14 230021. -32 | +6 8 14 
SORA fic -31°| —5 12 6 OS 3Stne st Be | ls 9 13 
5O56.5.0.; 230" | =-3 8 16 5353 ne. Sey || Grr 10 II 
SOUS. tec .22 | +2 9 12) 3 Olen .27 | —4 Io 9 
50535 cies eke VW =Er 8 15 RQOS ann -Ir | +1 Tel 8 
7104:...| — .07 | +5 8 16 0.374...| +0.07 | —5 +14 5 
0.126.....| --O. 10 | —s5 E12 7 
TABLE V 
Mean Visuat Licut-CurvE AND CoLoR-CURVE 

Phase Vis. Mag. C.I. Phase Vis. Mag. G.I, Phase Vis. Mag. Cle 
©.000....| 10.209 |--0.30 ||O.055...| 10.04 | 6.00 ||0.220...| 10.62 |--o.44 
EOOSi-c ri) | LO. 20 E20 FW O00 srl TORO 7 |G O3 1) 230s me TOnOA! 45 
POLOs eo) OLE? | tO evOOb a. =|) LOsLO KOS 2402s  LOROS 45 
BOES nce. 10.05 FOO: |||. O7 On. || 1O. 5S .08 B25O me PLOSOO -46 
020 9.07 |= sOOnl) .O75...| 10.20 BLOM |e 2OOne |e OnO7 .46 
025 9.90 SED iimOSOner|) eLOSIO ne 127 One| Me LOROS -47 
026 9.88 Sigil) Aorler ce ||  itogeyt ney, ren al) Ke) KOYS) .48 
027 9.87 MEA uu LOO! ee LOn2S PEN GA all SO 7S 49 
028 9.86 SEAN |e LhOnee |e tOn32 SAMI) bE |) 28597 .49 
029 9.85 PES) |Our Ne LOne 7, 2 Ot me SL Onis |LOn7 © .50 
O30 0.1. 9.85 sae Nl Saielercall aveysz he 52 Il eee oul] TOL) 51 
FOS Eo 9.85 BEAN TAOn ele LOS Ad BS Aulte 33 Onna LOO) SE 
FO322 mnt 9.85 423 || ALSO. 1) | LOn47 6) SA07ne | ELOPOO 52 
SO33E tise 9.86 sell) seen call Bx0)n He .38 || .350...| 10.65 252 
LOS Awe 9.86 2 ai || een LOS 3 SAO II) oe o.clh! Mellow Re 
ROS Sicises 9.87 PLIA DOO. || e LOSS AON |ens OOnred end On 5 71 JST 
HOAO wns : 9.92 FOO) |e EOO as  LOns7 LM BOGE ool! BOrG .50 
OAS Jen 9.97 SOO | 200) | LOs 50 AZ| Ome Lona 45 
ROGO a LOO bl — OZ. 2TOr le LO. OL BN BOS o off KOs 35 
CLOG REE | EOLO4NINEO200) 104220 Be TOnO25|5120.A4u||On 350 en ELOr 24 al -Om25 


Phases are counted from instant when »=b—o0.03 mag. To refer them to the instant of maximum 
brightness, subtract 0.031 from the tabular values. To obtain the ordinates of the mean photographic 
light-curve, add the color-index to the corresponding visual magnitude. 
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individual deviations (last column, Table I). The error varies 
considerably from point to point, which accounts for the differ- 
ences in the weights given in the last column of Table IV. 

The reference to the international zero-point is based upon 
b=10.32mag., a value found by comparing the mean curve 
defined by Table IV with the photo-visual observations after 


Fic. 1.—Mean visual light-curve of RS Bodtis (above) and curve showing the 
variation of color (below). The ordinates of the lower curve are color-indices. The 
circles, crosses, and dots represent results obtained on different nights. The zero 
ordinate of the light-curve corresponds to visual magnitude 10.29. 


reduction to the international system by means of polar compari- 
sons. The photo-visual observations themselves (residuals in 
last column, Table XI) are well represented by the mean visual 
curve. 

The phases had been referred, as accurately as possible, to the 
instant for which v=. The light-curve shows that, in the mean, 
v=6 for phase —o.002; further, that the maximum visual bright- 
ness, 9.85 mag., occurs for phase 0.031. The subtraction of this 
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quantity will therefore refer the tabulated phases to the epoch of 
maximum; finally, from (3) we obtain the adopted elements 


Max.=J.D. 24181T5.624-++0437733506 E, G.M.T. (4) 


THE PHOTOGRAPHIC AND PHOTO-VISUAL OBSERVATIONS 


The photographic and photo-visual observations collected in 
Table XI were obtained by the methods commonly used with the 
60-inch reflector.. The plates were Seed 27’s and Cramer Instan- 
taneous Isos, respectively, the latter exposed behind a yellow filter. 
Relative magnitudes referred to arbitrary zero-points were deter- 
mined for the comparison stars by means of images registered on 
the same plate with diaphragms of different aperture. The results 
were subsequently reduced to the international zero-point by com- 
parisons with the North Polar Standards.? 

The photographs of the variable were as follows: 


1914, JULY 16. PLATES 1613-1641 


Photographic (odd-numbered plates): five 1™ exposures; apertures 32, 
32, 32, 14, 9 inches; 32 and 14 used to establish scale. 
Photo-visual (even-numbered plates): three 2™ exposures; apertures 9, 
14, 32 inches; images with 9 and 14 invisible or too faint for measurement; 
32-aperture images reduced with relative magnitudes of comparison stars in 
Table VII. 
1914, JULY 17. PLATES 1648-1677 


Photographic (even-numbered plates): same as July 16. 
Photo-visual (odd-numbered plates): three 2™ exposures; apertures 60, 
40, 32 inches; 60 and 40 used to establish scale. 


1914, JULY 18. PLATES 1684-1709 


Photographic (even-numbered plates): six 1™ exposures; apertures 32, 
32, 32, 14, 14, 14 inches, with order reversed on alternate plates; reduced with 
relative magnitudes of comparison stars in Table VII. 

Photo-visual (odd-numbered plates): four 2™ exposures; apertures 60, 
40, 40, 60; used to establish scale. 


To illustrate the method used for such data, the reduction for 
plate No. 1648 is given in Table VI. The first six columns contain 


t Seares, Mt. Wilson Contr., No. 80; Astrophysical Journal, 39, 307, 1914. 
2 Seares, Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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star number and its distance from the optical axis of the instru- 
ment, the aperture, the scale reading (mean of two measurements), 
the distance correction, and the corrected reading s. The seventh 
column contains As, the difference in s for the apertures used to 
establish the scale (14 and 32, corresponding to a magnitude 
difference of 1.01).t By a process illustrated in Fig. 2, we find 
the relation between scale reading and magnitude necessary for the 
determination of the relative magnitudes. 


TABLE VI 


REDUCTION OF PHOTOGRAPHIC PLATE No. 1648 


Star | Dist. | Ap. |Means| D.C. | Corr. s i 2 Mag. vee Sah coe Resid. 
Bove 2205320 1OsOn| On O.On |) 22S WET s5 er Ao: | S230 9.71 |+0.05 
32 | 10.0 |—o.1 9.9 235 
32 | 10.0 |—o.1 9.9 1635 
IAG) PLY Oul| Ona) |p ere si 
OUETAt 28 a-Ont tay 1.60 
TS ENE 207A 132 I TE .On) 10.0) |e TL.Of lek. le2sCOlleess Lal sOncowtOrO2 tl ——OnO7 
32] 11.4 |—0.1 | 11.3 Ait 
S25 ETT On MmOnOn mre 6 2.30 
I4 | 13.6 Os On ets 0 227) 
QO) |Sx0£83|—onrn|erOn7 2.53 
Baha eae 250) 32) |er2e4l 0.0) |8t20 4) | 2s" oar 2 Os minon2 7m ted al Osos! 
BO |et2 O45 —— Oneal ero 2.86 
BS 2m Lee 7a Oma |e L280 2.82 
TA We l4a a OM cn nano 2.82 
Q) | |PES .Onl—Ob tn |e e7no 2.96 
Ke ate 3/0 1532) |0I5201-On85 | eL5. Sal 27S nO 7a 3 OS amos oul et? f OM t-OsO2 
32 | 14.6 |-+0.2 | 14.8 3.79 
32 | 14.6 |+0.2 | 14.8 3760 
TA) (02728, | — Ont a7 47 3.86 
9 (8 haps Ppaeanta el tony aaa Mm atteasets Be Mean 
Var 4 Oules2) lira gut Om (eno On| Magee 2. O22 (E2600 GO. 30 Nerte \ call seer 
BIE t2 Ay | OnOuliar ong Desigfit 
BoM Ei2 AOL Onl arora Qn 
L4H econ =| Or sin leek bret 2.89 
| OF PL77 =O. L e170 2.87 


We first plot the value of As for each star against the mean s © 
for the three 32-aperture images—the largest aperture used. This 
gives the lower curve in Fig. 2, whose significance is as follows: 
Let s and As represent the abscissa and ordinate of any point on 

*Seares, Mt. Wilson Contr., No. 80, p. 11; Astrophysical Journal, 39, 317, 1914. 
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the curve, and m the magnitude corresponding to the scale reading 
s; s’=s-+As will then be the reading for magnitude m’=m-+Am, 
where Am=r1.or, the reduction constant of the 14-aperture as 
compared with that of 32 inches. All readings refer to the 32- 
aperture. 


Scale Reading 


Magnitude 


Fic. 2——The ordinates of the lower curve are values of As, indicated in scale 
intervals on the right. This curve is used to construct the upper curve, which shows 
the relation between scale reading and magnitudes for Plate 1648. 


With the aid of this curve we next construct the scale reading 
and magnitude curve in the upper part of Fig. 2. Since for the 
present the zero-point is arbitrary, we assume m=o for s=8 and 
thus begin the accompanying tabulation. From theAs curve, for ab- 
scissa 8 we find the ordinate 1.40, and derive m’=0.00+1.0I=I1.01 
as the magnitude for scale reading s’=8.00+1.40=9.40. In- 
serting these numbers in the second line of the table, the process 
is repeated with m’ and s’ as a new mands. Thus, for abscissa 
9.40, we have the ordinate 1.65, which gives 11.05 as the scale 
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reading for m’=2.02. A plot of the corresponding values of s 
and m thus found gives the required curve. The operations can 
be even more quickly accomplished with a pair of dividers and a 
ruler, by a process sufficiently obvious from the figure.* 


m Ss As 
0.00 8.00 I.40 
I.O1 9-40 1.65 
2.02 II.05 2.00 
3.03 13.05 2.38 
4.04 15.43 2.78 
5.05 LSs2T ) Wavsieraestersecessiowersntrels 


\- 


From this curve we now read the magnitudes entered in the 
eighth column of Table VI, care being taken in the case of exposures 
with the 14- and g-apertures to subtract the relative reduction 
constant—1.o1 or 1.97—in order that all the results may refer to 
the 32-aperture. 

Each photographic plate for July 16 and 17 and each photo- 
visual plate for July 17 and 18 gave a series of relative magnitudes 
similar to that in the ninth column of Table VI. The results for 
the comparison stars were reduced to a common, though still 
arbitrary, zero-point and combined into the means which appear 
in Table VII. The internal agreement is illustrated by Table VIII, 


TABLE VII 


COMPARISON STARS—RELATIVE MAGNITUDES 


PHOTOGRAPHIC MAG. PHOTO-VISUAL Mac. 
| B.D. No. a 1855 61855 
a July 16 | July 17} Mean | July 17| July 18) Mean 
I.. .|-+32°2485 |14>26™ 8%9 |+32°16/8 | 0.30 | 0.24 | 0.27 | 0.47 | 0.50 | 0.48 
PSS Rie hs cel 2D. shi TON7 | BLOOs| Eero 4| teOSal Le23) | oEarolleraon 
eee 32 2487 20m Ties 22 Ce Te Sonar eSOul me iaSOnLAc7 0 | mle COMmr EOS 
Ave 32 2486 AS) ee 25 12.7 Seo Lamont 7D en LOM oe EO 
Gectellisterots ae cherie 26 51.6 277-0 )\2, 045-2203 402 O40 2-0 71503103 TIEaEOO 


which shows the deviations of the individual plates for July 16 
from the weighted means in the seventh and last columns of 


Lak A numerical process, equivalent to the graphical methods given here, is described 
in Mt. Wilson Contr., No. 80, p. 24; Astrophysical Journal, 39, 330, 1914. 
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Table VII. Except for very faint stars, the average residual 
ranges from 0.04 to 0.06 mag. The systematic deviations are 
naturally one-half the differences between the mean results for 
the separate nights given in Table VII. 


TABLE VIII 
CoMPARISON STAR RESIDUALS FOR JULY 17, 1914 
Photographic Photo-visual 
Plate Plate 
I 2 3 4 5 I 2 3 4 5 
1648..... ae SS St owas — 1| 1649..... +3]-1)/-3]4+4/4 1 
TOSOn 5 es = 3 \|- 2) +5 |—13 |— 4 | 16sr..... —2/+2/—7/+ 5 ° 
TOS2 Asse f= Oa|pas Tae" |S acres =O ae TOCA ce ete —10 |} —1 |+ 8 |+ 3 |+28 
TOR4.<. O |= 34) a2 |— 13 |= |r 055. . —I190 © |— 1 |-+20 |-+-30 
LO5O2 56. | Fae 3 | all — 4 =F 2: | 1 1687...5. 22 — A ee, 
FORSS.c0% + 1|— 2] +44— 7 I|— 1 |_r650..... Sell are ie Gia ee ae @) 
FOGOS.cu . oi/-— 8 O | 4 |\q- 6 | 1665... +12 | +2 |— 5 |— 9 |—11 
TOR caret Ge 2 |e at hte” Malle oe oe ==) 31 SLOOS cha: o| —6 |+ 5 o|+ 7 
POON es + 4 |-—I0 o |+10 |— 3 | 1665..... +6] -—-2/+ 2/— 6|..... 
TO66........- +4 O.}2— Onl eee: aoe tl LOO Yin tae +14 | +8 |— 9 |—14 |—17 
£00825 50 £3) Ona —— oh, Oa rOO0O marae. ae © |= 45|— 2 |-Ee2 
OVO siecle Ge fd eae Mite | tise So eal SAO Aas oo = 2 a 4h SPO flnanos 
BOD eretrets ae BP eae ae —— a7 O72 ee a — i} —9 |+15 |— 5 |—21 
MOT Aer /aere +2O (71 4 nee Date lO Seer eccts + 8) —7 I 3 I 5 leeene 
TOO yar Sr ee emt fin ate (at Ine be eer TOWELS bin oc rt a 7 fe Ole ere 
Syst. diff. |+ 4 |— 2] —z |— 4 |— 1 | Syst. diff.j/+ 1] —1 |+1/— 1 |4+ 3 
Av. dev..|/= 4 |= 4 | =4 |= 8 |= 4 | Av. dev..j/+ 6] #4 |= 5 |= 6 |+12 


REDUCTION TO INTERNATIONAL ZERO-POINT 


The reduction to the international zero-point depends on four 
pairs of comparisons with the Polar Standards, made on August 25 
and 26, 1917. The results for the comparison stars in the second 
and third columns of Table IX are based directly on the scale and 
zero-point of the Standards themselves. By comparison with the 
mean relative magnitudes in Table VII, we find for the latter the 
zero-point corrections in the fifth and sixth columns of Table IX. 
Adding the mean correction to the relative magnitudes, we have, 
finally, a second series of magnitudes, given in the last three columns 
of the table. These refer to the international zero-point, but 
depend upon the scales established for the individual plates. We 
thus have for the comparison stars two series of results, quite inde- 
pendently derived. Table X exhibits the agreement and gives the 
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adopted magnitudes, which are the means, with equal weight, of 
the two determinations. 

Incidentally, attention may be directed to the color-indices of 
the comparison stars. The values in Table [X found by comparing 
photographic and photo-visual magnitudes agree well with each 
other and with those in the last column of Table X derived by the 
exposure-ratio method (three plates),’ which affords a valuable 
control. 


TABLE IX 
MAGNITUDES OF COMPARISON STARS 
From N.P. Comp. ZERO-POINT From Ret. Macs. 
STAR 
Pg Pv. Gl Pg Pv. Pg Pv. Ci 
Derasrinn: 9.73 9.18 0.55 9.46 8.70 9.78 9.24 0.54 
Seay Alb 10.62 10.01 0.61 9.54 8.80 10.59 9.97 0.62 
EG ica: ELEtO 10.63 0.47 9.51 8.75 II.1I0 10.64 0.46 
yee oe Lope 10.89 1.34 9.46 8.79 E2220 10.86 1.42 
IG ioferccaees TQ OO, uy liteeeen eee cae OS Seu iaaerae Oy Tr276 °.39 
Mears)! iexs Derren re nee ere 9.51 SFO) A lhose co ener uate ayers seksi) Ch eae teens 
TABLE X 
INTERNAL AGREEMENT AND ADOPTED MAGNITUDES 
N.P. Comp. minus REL. Mac. ADOPTED MAG. AND COLOR 
STAR a ee Ce ROM 
Exe. Rat. 
Pg. Py. Cr Pg. Bye ie Cu. 
1 PAREN Oto ol ae el eS =H) -FI 9.76 Q.2I 0.55 0.56 
BS sl eter On Oe +3 +4 —1I 10.60 9.99 °.61 0.66 
2 sisaveacacersuager Woche ° a +1 II.10 10.64 0.46 0.30 
Pep a oe Pace eRe —5 +3 —8 ALAS 10.88 ©.35 1.28 
Tene peace receer  ale =f-i7' 2 fh libel | pk es 12.18 11.76 0.42 0.37 


FINAL MAGNITUDES—THE COLOR-CURVE 


We are now in a position to finish the reductions in Table VI. 
Subtracting the magnitudes of the comparison stars in the ninth 
column from their adopted values in Table X, we find the mean 

*Seares, Mt. Wilson Communication, No. 33; Proceedings of the National Academy 
of Sciences, 2, 521, 1916. For a test of the colors of the North Polar Standards, see 


Mt. Wilson Communication, No. 38; Proceedings of the National Acadenvy of Sciences, 3, 
29, I9I7. 
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zero-point correction for the plate, namely, 8.31 mag., and, finally, 
the magnitudes and residuals in the last two columns of Table VI. 
The main result, however, is the magnitude of the variable, 11.11, 
which has been transferred to Table XI, where it appears with 
similar results from the other plates. 

The magnitudes in Table XI—both photographic and photo- 
visual—have been compared with the mean visual light-curve in 
Table V. The photo-visual residuals in the last column of Table XI 
(unit =o.o1 mag.) are appreciably smaller than the visual residuals 
(see last column, Table I, and probable errors in Table IV); as 
already stated, they show that the photo-visual observations are 
very satisfactorily represented by the adopted visual curve. 

The comparison of the photographic measures with this curve 
gives the color-indices of the variable in the eighth column of 
Table XI. These are plotted in the lower part of Fig. 1 and show 
at a glance the change in color paralleling the variation in light. 
The ordinates of the mean color-curve are in Table V alongside the 
visual light-curve. The deviations of the color-indices from the 
mean color-curve are appropriately entered in Table XI under 
the heading “Photographic O—C,” for they are numerically equal 
to the deviations of the observed photographic magnitudes from 
the mean photographic light-curve obtained by adding the two 
series of ordinates in Table V. These residuals are even smaller 
than those in the last column of the table, owing, probably, to the 
larger number of exposures made on the plates from which photo- 
graphic magnitudes have been determined. 

The maximum and minimum brightness are: photographic, 
9.70 and 11.21; visual, 9.85 and 10.70. The amplitudes, 1.51 
and 0.85, respectively, are in the ratio of 1.78 to 1. 


SYSTEMATIC DEVIATIONS FROM MEAN LIGHT-CURVE 


The systematic deviations of the photographic and photo- 
visual results from the mean curves are negligibly small—in no 
case exceeding 0.03 mag. per night. The variation on the three 
nights involved seems therefore to have been quite normal. 

The residuals of the much longer series of observations in 
Table I, on the other hand, present numerous instances of 
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TABLE XI 


PHOTOGRAPHIC AND PHOTO-VISUAL OBSERVATIONS 


G.M. DATE PHASE PHOTOGRAPHIC PHOTO-VISUAL 
Pe. AND Pv. Cr 
Prate Nos. S 
Pg. Py. Pg. Pv. Mag. O-C Mag. O-C 
1914, July 16. J.D. 2420330 
1613-1614....| .670 | .679 I20 129 | 10.77 | —12 |-Fo.40 | 10.41 ° 
1615-1616....| .683 | .690 133 140 | 10.88 | —14 .46 | 10.61 | —17 
r617-1618....| .697 | .704 147 £54 | 1OV7O)| tee 3: 90)| GLOn 5 Sear 
I619-1620....| .708 | .716 158 TOOTELONO4 Sha .45.| 10.40 | +12 
1621-1622), 2 2)s|' 4720))) 727 170 177 | 10.98.| — 6 145) || tOrA Tele 7 
1623-16024...) 1) 2731 4 3 730 181 188 | 10.92 | + 3 537 | tOnO4: ear 
1625-1626. .~.| .746 | .754 196 204 EITC OLa| eet 43) 10). 70) |i-—110 
1627-1628....| .758 | .766 208 216 | 11.03 | + I .42 | 10.59 | + 3 
1629-1630....| .770 | .778 220 928 | It. Ir | = 5 .49 | 16.70 | — 6 
TO31=1632).. ..|'..782) | 702 232 242 | 11.03 | + 6 -39 | 10.65 ° 
1033-1034... .|» -790 |) . S04 246 2540 tr. ES ees .49 | 10.71 | — 5 
1635-1636....} .808 | .815 258 2053) 1.12 |e 2 .44| 10.74 | — 7 
1637-1638....| .820 | .828 270 278 | 10.99 | +16 .31 | (10.30)| (+39) 
1639-1640....| .832 | .842 282 292 | 11.04 | +13 SG) ALVAS eee ee 
LOAD Resear {SAOn pees 200 wa aeree. TGS D2 pera OU Aa We eran serena 
1914, July 17. J.D. 2420331 
1648-1649....| .670 | .676 365 B75) LE. LE |) 12 |--0.020 10148) 9 
1650-1651....| .682 | .688 ° 6 | 10.57 | + 2 |+ .28] 10.14 | + 4 
EO52—1053)0 20-14 005 700 13 18) |) 10.08 {7-77 160: || 9.96 | =-"'4) 
EOSA-LOS Seale e OOm en ae 24 30. | 0.67) P2830 324 O27 a0 |) 54 
TOSO-LOS7 eel LO ae 723 34 4I 9.88 | —14 |+ .02 | 9.93 ° 
1658-1059.....| .729 | .735 47 Soe. O90} 4 tS OG OOO. Nokes 
TOOOSIOOLa ele AQ a7, 60 65 | 10.09 | + zr j+ .02 | 10.01} + 9 
TO02-1003)- |) SSS ea7 oo 71 TOW etOn2 sles <I 9.90 | +27 
1664-1665....| .764 | .770 82 88 | 10.36 | — 3 510) |) BOYS || — & 
TOOO=1007e rj e77 0) || eer O2 04 I0oo | 10.35 | +10 .09 | 10.27] + 1 
1668-1669....| .789 | .796 107 II4 | 10:56 | — 2 .25 | 10.37 | — 3 
1670-1671....| .802 | .807 120 125 | 20,61 | 4="4 5245 LO.40) |e aor 
LO72—-LO 72s) Oke eOLS 130 136 | 10.67 || +5 .26 | to.31 | +12 
LOFASLO 7S arcs ZA WOO 142 148 | 10.58 | +21 -13 | 10.54 | — 8 
TOZO-L07 711s ON TO4L 154 ESO) | LO%83) ten 2) |-Ons 53) 101505) ao 
to14, July 18. J.D. 2420332 
1684-1685....| .670 | .678 233 24I | I1.19 | —10 |-++o. 10.71 | — 6 
1686-1687....] .684 | .690 247 EN iin gine th ° 2 oe + 3 
1688-1689....| .697 | .703 260 266 | 11.09 | + 4 AZ| L027 0) | eo) 
1690-1691....| .710 | .718 273 281 | 11.16 | — I .48 | 10.62 | + 7 
LOO2—LOOSher| 72 Suen ae 288 204 | 11.08 | +11 .38 | 10.65 | + 5 
LOOA=LOOS ae N73 a4 Aae OO 207i. 22 ale .52 | 10.79 | — 9 
LOOO=10075 | Ste aS 7 314 320: TTe 22 2 .52 | 10.76 | — 6 
1698-1609....) .766 | .772 329 CY meanest ° -51 | 10.89 | —19 
E7VOO-17 OT oe, |e OMee 7 OAM lesan BA Te |e else eS -44 | 10.80 | —14 
E7O2=17.03\.2.0.1- |) = 703), |) S00! 350 303 ele shoo ead ISON AOE LY ° 
TP7OASL7OS oc | OOOM ROL? 369 375 | 10.90 | — I 247) 10.83%) en 
T7OO=17O7 4.) 6620) | 2827, 6 Ugh |) Woden = Ch |e eae 9.92 | +16 
T7OS317 00 wate Me OOdu eoA ti 20 DT OFO5 ol a7 = O02 O72 atels 
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systematic divergence; for example, those for J.D. 7660, 7667, which 
are prevailingly positive, and for J.D. 7994, 8118, 8120, 8122, 
8131, which are negative, These can scarcely be attributed to 
variability in the comparison stars, nor is it likely that they are 
the result of systematic errors of observation. The residuals are 
larger than the errors normally associated with observations made 
with the wedge photometer. Moreover, many of the measures, 
those for J.D. 7660, 7667, 7994, among others, were referred simul- 
taneously to two comparison stars, one equal to or a little brighter, 
the other appreciably fainter than the variable, with results sensibly 
the same in both cases. Another peculiarity is found in the fact 
that divergences of a given sign tend to persist for some time; thus 
during the interval J.D. 7660-6716 they were positive, while for 
J.D. 8118-8131 they were negative. The explanation is probably 
to be found in abnormal fluctuations in the light of the variable, 
a phenomenon now apparently well established for several of the 
cluster-type variables." 


‘ 


COMPARISON WITH SPECTROSCOPIC RESULTS 


The large change in color—more than 0.6 mag. in the index— 
led naturally to an inquiry into the spectroscopic behavior of 
RS Boétis. Mr. Pease kindly placed the star on his program, and 
quickly found a change in spectral type? occurring simultaneously 
with the fluctuations in light and color which very nearly equals 
that to be inferred from the well-known relation between color- 
index and spectrum. 

A detailed comparison of Pease’s spectra with the color-curve 
of RS Bodtis is given in Table XII. The date, G.M.T. of the 
middle of exposure, and the spectrum are from his data. The 
color-indices in the fourth column were interpolated from the curve 
in Table V, with phases counted from instants for which v=6. 
Those in the sixth column were derived from the spectra by the 
formula C.I.=0.4.S, in which for Bo, Ao, Fo, etc., S has the 

: Shapley and Shapley, Mt. Wilson Contr., No. 104; Astrophysical Journal, 42, 


159, 160, 1915; Shapley, Mt. Wilson Contr., No. 112; Astrophysical Journal, 43, 217, 
1916; also various references cited in the latter of these investigations. 


2 Publications of the Astronomical Society of the Pacific, 26, 257, 1914. 
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numerical values —1,0, +1, etc.! The differences in the two series 
of results—the color-excess?—are in the last column of the table. 
Ten of the thirteen values are less than a tenth of a magnitude. 
The amplitude of the color-variation derived from spectra is some- 
what smaller than that indicated by the color-curve; but the 
spectra near minimum are few in number and less accordant than 
the others, so that conclusive results are not to be expected. 
Notwithstanding the slight excess of negative signs, the mean 
color-excess is sensibly zero. 


TABLE XII 


COMPARISON OF COLOR-CURVE WITH SPECTRA 


Date bare a clei Sp. raat Phase ee Color-Excess 
1914 

Nulyaecopnere Tro Bo —0.05 0.018 —0.04 —o0.01 
20 eee E7057 ° — .05 .047 .00 — .05 
QO ME Ane 18 40 AS + .11 Aol iy + .20 — .09 
oT Towa A6 + .45 2235 + .24 + .21 
Die 18 2 Fo + .49 . 296 + .40 + .09 
DS hate rae 19 17 AS ar a - 349 =- .20 + .32 
DO let 16 28 A7 + .21 .099 + .28 — .07 
PO eas Toes A8 = 1339 .167 + .32 “07, 
OY agree 1722 A4 + .22 .004 + .16 + .06 
OX da eae ney 9% B8 — II .036 — .08 — .03 
DBR vest: 18 52 A6 + .00 .067 + .24 — .18 

INURE 5 oa D5eS7 Ao — .08 .042 .00 — .08 
Ly Rane 16 52 AS +o0.12 0.079 +o.20 —0.08 


The negligible character of the color-excess was found from a 
preliminary reduction, based upon approximate zero-point deter- 
minations made in 1914, and was then a result of special interest 
as one of the earliest indications that the coefficient of space- 
absorption must be extremely small. Hertzsprung? and Russell‘ 
had found the Cepheids, as a class, to be very bright, and, in general, 
stars with early type spectra were known to be highly luminous 

* Seares, Mt. Wilson Communication, No. 16; Proceedings of the National Academy 
of Sciences, 1, 481, 1915. 

2 Tbid. 


3 Zeitschrift fiir wissenschaftliche Photographie, 5, 107, 1907; Astronomische 
Nachrichten, 196, 201, 1913. 


4 Science, N.S., 37, 652, 1913. 
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and to show only a small dispersion in their absolute magnitudes. 
Since the median apparent brightness of RS Bodtis is only 10.3, 
this meant that its distancé must be relatively great.t The color, 
however, is only that normally associated with similar spectra in 
the case of much less distant stars, thus leaving no appreciable 
excess to be accounted for by scattering of the star’s light in its 
passage to the earth.? This conclusion disregarded the influence of 
the star’s absolute magnitude on its color; but the indications were 
that for stars of early-type spectra this must be very small, and, 
moreover, that for a highly luminous object like RS Bodétis any 
effect of absolute magnitude would probably increase the color- 
excess and thus make the estimated upper limit for the absorption 
coefficient too large. 

Subsequent observations by Shapley’ have revealed variations 
similar to those of RS Bodtis in the spectra of other objects, includ- 
ing several of the longer-period variables which by themselves 
were formerly supposed to constitute the Cepheid class, as well as 
a number of the short-period cluster-type variables now also com- 
monly classed with the Cepheids. The spectrograms by Pease 
and Shapley, however, were of low dispersion. For those of Pease 
Hy to K was 2} mm and their classification could be based only 
on the hydrogen lines and to some extent on the K line of calcium. 
Thus the presence of types B8 and Bg in Table XII is not to be 
interpreted as meaning that the helium lines characteristic of these 
types were actually observed in the spectra. The classifications 
by Shapley are also based mainly on the lines of hydrogen, although 
calcium lines and the G band were used to some extent for types 
F and G. Still later observations by Adams and Joy,5 with higher 


tA recent determination by Shapley gives absolute magnitude M=-—o.3, 
parallax t=0%00076. Mt. Wilson Contr., No. 153; Astrophysical Journal, 48, 1918. 


2 The same principle and others analogous to it have recently been applied by 
Shapley to the enormously distant globular clusters, with the result that the coefficient 
of absorption must be far below the upper limit fixed by this early inference. 

3See summary of results by Adams and by van Rhijn given by Kapteyn in 
Mt. Wilson Contr., No. 83; Astrophysical Journal, 40, 187, 1914. 

4 Mt. Wilson Contr., No. 124; Astrophysical Journal, 44, 273, 1916, and elsewhere. 

5 Mt. Wilson Communication, No. 53; Proceedings of the National Academy of 
Sciences, 4, 130, 1918. 
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dispersion, confirm the foregoing results, so far as changes in the 
hydrogen lines are concerned, for a number of stars with periods 
greater than a day, but show little or no corresponding change in 
the less conspicuous features of the spectra, which are also char- 
acteristic of the various spectral classes. 

Presumably this peculiar behavior occurs also in the case of the 
cluster-type variables. But, in spite of the many similarities con- 
necting the two subclasses of Cepheids, the singularities in their 
periods and distribution, and possibly also in their motions," 
suggest some reservation of judgment in the case of stars such as 
RS Bodtisxwhich thus far have not been observed with the disper- 
sion necessary for a detailed study of their spectral characteristics. 
For the present, the significant result is the suggestion that the 
color of the Cepheid variables is more closely correlated with 
the behavior of their hydrogen lines than with other spectral 
phenomena, even though the latter may be important criteria for 
classification. 

For several of the longer-period Cepheids the question thus 
raised can be put to a direct test. Adams and Joy have given 
spectral classifications corresponding to maximum and minimum 
light, based both on the hydrogen lines and on the “general spec- 
trum’’; and from various sources we can derive values of the 
color-variation for comparison with the spectral changes. Supple- 
mentary evidence indicating the intimate connection of color and 
spectral type as derived from the hydrogen lines is also available 
for various stars whose general spectrum, in the sense used by 
Adams and Joy, has not yet been observed. 

The data are in Table XIII. The results by Adams and 
Joy for the third, fourth, and fifth stars are from Mi. Wilson 


«The frequency-curve of the periods shows two maxima, one for twelve hours 
and one for seven days, corresponding to the two subclasses of Cepheids. The longer- 
period stars are closely confined to the plane of the Galaxy, while the cluster-type 
variables are widely scattered throughout space. So far as known, the proper motions 
and radial velocities of the long-period Cepheids are small or moderate; of the short- . 
period Cepheids, relatively large. Two recent spectrograms of RS Bodtis by Adams 
give V=—s52km per sec. See Hertzsprung, Astronomische Nachrichten, 179, 376, 
1909; 192, 262, 1912; 196, 205, 1913; and Shapley, Mt. Wilson Contr., No. 153; 
Astrophysical Journal, 48, December, 1918. 


204 


VARIATION OF RS BOOTIS 25 


Communication, No. 53; those for 7 Aquilae and 6 Cephei are from 
spectrograms specially selected by Adams on account of their close 
agreement with the instants of maximum and minimum brightness, 
while those for XZ Cygni are unpublished results from two low- 
dispersion spectra, one at minimum, the other near but not actually 
coinciding with the maximum. The limiting spectral types by 
Shapley are from the curves given in Mi. Wilson Contribution, 
No. 124.2. The changes in color given in the last three columns, 
corresponding to the observed spectral variations, were obtained 
as usual from the relation C.I.=0.4 S. 


TABLE XIII 


CHANGES IN COLOR AND SPECTRUM FOR VARIOUS CEPHEIDS 


Hyprocen Lines | CHANGE IN C.I. From Sp. 


AMPLITUDE Gon iia 
a - | SPECTRUM : 
STAR Seats PRS eee General Hydrogen Lines 
| % AND Joy and Joy Shapley |/SpeC=n | come peer 
Pg. Vis. trum A.andJ.| Sh. 


n Aquilae*... 
5 Cepheif.... 


I 
I 
¢ Gemin.f ...| 1.00 62 28. le Fo—Goi|) hoa ae eee CseeC Ooo kone 
RT Aurigae§.| 1.20] .85]| .35 | F7-Go]| Fo-F8 | Ag-Fo ss |) 36 .40 
SU Cass.|| eee OeAy, Be .14 | F7-F8 | F3-F6 | Ao-F4 | 0.04 | 0.12 .20 
SU Cygnif...} 1.15 80 35 alee ee eal series AUT EO) cesar teeters 36 
T Vulpec.{...| 1.20 80 BOs ee reel oe wees ere Paton C OMe aco cic hoe ace 44 
S oagitt. 4... <f L230 77 ES 30a Gaaecveyehenera| Arcane IVECP lla ooaneloodadc 32 
U Vulpec.f. .} 1.2 68 7 oa tare coeaeette RG ies gious aes PS =(GAlleeee ere (0.24) 
I 


M7 Cyonit =): 


* Kohlschiitter, Pg.; Luizet, Vis. Astronomische Nachrichten, 183, 265, 1910. 

+ Wirtz, Pg. Astronomische Nachrichten, 154, 327, 1901; Stebbins, Vis., Astrophysical Journal, 27, 
188, 1908. 

t Wirtz, Pg. Loc. cit.; Vis. is the value from Argelander’s observations as given by Wirtz. The only 
Cepheid of normal amplitude thus far observed whose hydrogen lines do not indicate an appreciable 
change of type. 

§ Kiess, Laws Observatory Bulletin, 2, 99, 1915- 

|| Parkhurst, Pg., Astrophysical Journal, 28, 279, 1908; Miiller and Kempf, Vis., Astronomische 
Nachrichten, 173, 307, 1907. 

q Pg. data by Wilkins; Vis., by various observers, collected by Wilkins, A stronomische Nachrichten, 
172, 316, 1906. The comparison for U Vulpeculae is unreliable; the star is probably subject to large 
fluctuations (cf. Laws Observatory Bulletins, 1, 150, 1907); moreover, the spectra are difficult and not well 
distributed over the curve. 


** Photometric data by Martha Betz Shapley, Mt. Wilson Contr., No. 128; Astrophysical Journal, 
45, 182, 1917. The spectrum Ao corresponds to an instant following the maximum by 0.03 day. Since 
the period is only 0.47 day, the change in color derived from the spectrum is probably too small. 


For the general spectrum there is little change in passing from 
maximum to minimum and the inferred color-changes in the 
t Proceedings of the National Academy of Sciences, 4, 130, 1918. 
2 Astrophysical Journal, 44, 273, 1910. 
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eighth column are very small, whereas those derived from the 
hydrogen lines (ninth and tenth columns) are sensibly equal to 
the color-variation found from the photometric data (fourth 
column). Disregarding values in parentheses because of the 
peculiarities and uncertainties mentioned in the notes, the mean 
results are: 


High-dispersion, four stars, Adams and Joy: 


Color-change from general spectrum............ +o.06 mag. 

Color-change from hydrogen lines............... +0.29 
Low-dispersion, same stars, Shapley: 

Calor-change from hydrogen lines............... +o.38 mag. 

Observed change in color-index ................ +0.35 


For the seven stars observed by Shapley which have trustworthy 
results the means are 


Color-change from hydrogen limes sense eee +o0.38 mag. 
Color-changetromicolorindexmw trae eee +0.38 


The intimate connection between color and spectral type as 
derived from the hydrogen lines is shown clearly enough by these 
results; in fact, the closeness of the agreement for individual stars 
is rather surprising in view of the heterogeneous character of the 
photometric data and the uncertainties of classification, especially 
for low-dispersion spectrograms. On the other hand, it is equally 
clear that there is little or no correlation between the color of 
Cepheids and numerous other features of their spectra, which, for 
the stars in general, commonly follow the hydrogen lines in their 
changes throughout the normal succession of spectral types. 


SUMMARY 


Two independent series of observations on the cluster-type 
variable RS Boétis—one visual, the other photographic and photo- 
visual—made with different instruments and separated by an inter- 
val of several years, have been discussed for the revision of the 
elements and the determination of mean light- and color-curves. 
There is some evidence of irregular fluctuations in the light, but no 
certain indication of a variation in the period, the adopted value for 
which is based on nearly 7000 cycles of variation. 
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The photo-visual observations are well satisfied by the mean 
curve based on the visual observations. The amplitude of the 
photographic variation is 1.78 times that of the visual. The 
color-index varies continuously from —o.15 mag. at maximum to 
-+-o.52 mag. at minimum. 

The change in color agrees closely with that to be inferred from 
spectrograms by Pease. Bearing in mind certain anomalies in the 
spectroscopic behavior of other Cepheids, this result indicates that 
the color of these variables is more closely correlated with the char- 
acteristics of their hydrogen lines than it is with less conspicuous 
phenomena of the general spectrum also used for spectral classi- 
fication. An examination of all the data available confirms this 
conclusion for a number of Cepheids. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


THIRTEENTH PAPER: THE GALACTIC PLANES IN 
41 GLOBULAR CLUSTERS 


By HARLOW SHAPLEY anp MARTHA B. SHAPLEY 


From evidence presented in earlier papers there can be little 
doubt that the observed elliptical distribution of stars in the photo- 
graphic images of globular clusters is really an indication of flatten- 
ing with respect to more or less symmetrical equatorial planes. The 
analogy with other flattened sidereal organizations—such as the 
Galaxy, the spiral nebulae, the solar and planetary systems—leads 
us to interpret these projected elongations of clusters as indicative 
not of prolate spheroids but of oblate spheroids or ellipsoids. It is 
of some interest to know how general this phenomenon is among 
globular clusters; and since their relation to the galactic system 
has been demonstrated, it is important to see if their orientation 
in space betrays any effect of the dominance of the greater system. 

A study of star counts by Pease and Shapley* has shown the 
elliptical form for five clusters and has suggested that three others 
are sensibly circular. The ellipticity of Messier 5 has also been 
determined from Mount Wilson plates. Further discussion by 
Shapley? has indicated the relation of the elongation in w Centauri 
to its variable stars, and in Messier 13 to the stars of bluish color. 
The present paper continues the work, increasing the number of 
clusters known to have appreciable elongation from six to about 
thirty, and showing that several others are sensibly circular, either 


I Mt. Wilson Contr. No. 129; Astrophysical Journal, 45, 225, 1917; Mt. Wilson 
Communications, No. 39; Proceedings of the National Academy of Sciences, 3, 96, 1917. 

2 Shapley and Davis, Publications of the Astronomical Society of the Pacific, 30, 
164, 1918. ‘ 

3 Mt. Wilson Communications, No. 45; Proceedings of the National Academy of 
Sciences, 3, 276, 1917. 
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because of their orientation in space or because of actual sphericity. 
All globular clusters sufficiently bright (and in other respects satis- 
factory) to give definite results have been investigated. The 
accumulated material, though not extensive, is complete enough 
to permit statistical examination. 


TABLE I 


COMPARISON OF COUNTS AND ESTIMATES 


Posi1TION-ANGLE OF Mayor Axis 
N.G.C. MESSIER 
Counts Estimates Difference 

BO 24 arian atkins ethers 53 160° 170° —10° 
OLSON ee SS cre ieeel | gent enreeanse 105 120 —I5 
GOTO uiateto vests taret custene atetee 3 Asym. AS VIN) pe eect 
BQO. wis ses isan ate 5 55 50 +°5 

Oo tenet Srevaeciare tio tel oes 4 II5 Indetérnisen | eee aac 
O205 Seis tess, Sh reteelenmenns 13 I25 130 =a 
ODES ier sty accctmeo ee 12 Appr. circ. ApprjCine.s «|i... aeeeee 
GDIPINE be ei rennin gestae ae) See note Appr circs: take seco 
PINON amines heron ae On: 62 75 65: +10: 
0273 sense teioe 19 I5 15 ° 

(Ce Uh e renera eee tie an nee aie 92 Indeterm. 25.) sulle saan 
CAO anna eee erence 14 IIo TO% +40: 
O02 0 Shei ae tae eee eee 28 50 45 5 
OOSO 2.05 santas «ates 22 25 25 ° 
O77OR ei Soe eee 56 Appr. circ. TCOLHA OT Ia en mee 
FOU SIs cevaieitate one ven res cas i 35 20 +15 
TFOSO tone ce ayeseraneclennens 2 135 I50 Tit 


N.G.C. 5139 (w Centauri). The direction of the major axis, as estimated from photo- 
graphs made at Harvard, is 105°. 

N.G.C. 5272. Cf. tabulated counts in Mt. Wilson Contr. No. 129. 

N.G.C. 5904. Cf. discussion of asymmetry in Publications of the Astronomical Society 
of the Pacific, 30, 164, 1918. 

N.G.C. 6205. The image of the Hercules cluster on the Franklin-Adams chart is too 
distant from the center and too diffuse to permit dependable estimates. 
The tabulated value is from photographs by Pease. 

N.G.C. 6254. Perhaps the counts given in Mt. Wilson Contr. No. 129, show a trace 
of ellipticity, major axis in position-angle 150°. 


The Franklin-Adams charts, which were of much value in deter- 
mining the relative diameters of globular clusters, are also highly 
useful in the present problem. Although the ellipticity of clusters 
cannot be accurately determined from ordinary photographs with- 
out a special study of the distribution of the individual stars, and 
generally then only when many faint stars are included in the 
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counts, it is found that direct estimates based upon photographs 
of small scale give values of the direction of elongation as definite 
as those resulting from the extensive counts of stars. The direct 
estimates do not give the degree of elongation, but that property 
is also indefinite from counts, for it apparently depends in an 
uncertain manner upon the brightness of the stars enumerated and 
upon other factors. 

In Table I the direction of elongation, when measurable, is given 
for 17 clusters, both from estimates and counts, the two determina- 
tions being entirely independent of each other. The average 
difference’ between the position-angles thus derived is 8°. Better 
agreement than this is not obtainable from counts of two plates of 
the same cluster, or from the counts on one plate of stars of differ- 
ent magnitudes, colors, or distances from the center.? The consist- 
ent agreement therefore justifies the substitution of direct estimates 
for laborious counts. We are therefore enabled to extend the 
investigation expeditiously to the bright southern objects and 
complete the survey of the form of globular clusters. 

Ten of the values of the third column of Table I are from pub- 
lished results. Those for N.G.C. 6121, 6266, 6273, 6341, 6402, 
6626, and 6656, based on Mount Wilson plates, are from recent 
counts made by Miss Davis subsequent to the estimations from 
the charts. New counts have also been made of the stars in N.G.C. 
5139 (w Centauri) on plates kindly lent by the Harvard College 
Observatory. Some of the more interesting results of the unpub- 
lished counts are noted below. 

1. The decided asymmetry of N.G.C. 6266 (Messier 62), par- 
ticularly noted by Sir John Herschel} and later by Bailey,’ is shown 
by the following values derived from a Mount Wilson plate: 


345° 
72 


315° 
72 


225° 
56 


Sectors whe. 
Nos stars... 


285° 
79 


255° 
68 


195" 
49 


165° 
42 


135° 
35 


TOs 
45 


1S 
67 


45° 
56 


se 
67 


«Omitting N.G.C. 6402, which is very open and ragged in outline on the 
Franklin-Adams chart. 


2 Cf. curves for Messier 13 in M¢. Wilson Conir. No. 129. 
3 Cape Results (London, 1847), p. 23. 4 Harvard Annals, 76, 74, 1915. 
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Stars within 30” of the center could not be counted. Combining 
opposite sectors, the position-angle of the major axis appears to be 
about 75°. 

2. Probably the most conspicuously elongated globular cluster 
is N.G.C. 6273 (Messier 19), whose relative stellar density is shown 

in Fig. 1. The radial co-ordinate 

North is number of stars for each 30° 

15, 0 sector of position-angle. With- 

out correction for superposed 

field stars, there are more than 

twice as many stars in the 

direction of the major axis as 

perpendicular thereto. The 

coe ayo? ~+~—s Plates show no evidence of a 

double nucleus. We probably 

see this flattened cluster more 

nearly edgewise than is usually 

the case. The major axis is 

approximately parallel to the 

Milky Way, the galactic lati- 

tude is +o°, and it appears 

likely, therefore, that the plane 

Fic. 1.—Curve of star-density for of symmetry is nearly parallel 

Nes 2, adel syrtinatt ov to the galactic plane. Appar 

position-angle. ently the flattening of a cluster, 

if we judge from this extreme 

case, is of a much lower order than that of spirals and of the 
galactic system. 

3. The cluster N.G.C. 6626 (Messier 28) is also conspicuously 
elongated, with major axis roughly parallel to the Milky Way, but 
it is hardly as symmetrical as Messier 19. 

4. A photograph made with the 60-inch reflector of the bright 
southern cluster N.G.C. 6656 (Messier 22), which shows more than 
70,000 stars, has been counted by Miss Davis. 

Nearer the center than 8 mm (218) the density is too great 
to give reliable results; under such conditions the large images 
of the brighter stars occult so many faint images that counts 
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of the latter may show the ellipticity obliterated or even 
reversed. 

Outside the circle of 14 mm (381) radius the proportion of 
field stars becomes so large that the amount of ellipticity is masked, 
and its observed direction may be affected by local irregularities 
in the field. Neither of these factors—the interior crowding or the 
exterior field—is troublesome in estimating the direction of elonga- 
tion of bright clusters from small-scale plates. 


240 


Fic. 2.—Distribution of stars in Messier 22. Ordinates are numbers of stars; 
abscissae are position-angles. 


Counts within the limits 8 and 14 mm give the distribution of 
stars shown in Fig. 2, the ordinates being numbers of stars in 30° 
sectors and the abscissae position-angles. A correction for super- 
posed field stars has been made by deducting 30 stars per square 
minute. Combining opposite sectors we have the following means 
for the smooth ellipticity-curve shown in Fig. 3: 


105° 


262 263 314 


135% | 165° 


The number of stars in the direction of the major axis exceeds the 
number in the direction of the minor axis by nearly 30 per cent 
of the latter. 

Within the errors of measurement the major axis of Messier 22 
is exactly parallel with the Galaxy. The high ellipticity suggests 
that we see the cluster edgewise, and, since it is in low galactic lati- 
tude, the result further indicates that the plane of symmetry is 
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approximately parallel with the galactic plane. This point may 
be significant in connection with the loose structure of the cluster 
and its proximity to the central plane of the galactic system. 


Table II contains data for 41 globular systems. When the 
direction of the major axis has been derived by two methods a 
weighted mean is adopted. The inclination of the observed major 

axis to the galactic plane, 

po in the sixth column, has 

25 been computed from the 
data of preceding columns 

and checked graphically. 

The linear distances from 

the galactic plane, R sin B, 

expressed in units of 100 

Boe ayo? —-Parsecs, are taken from 
Tables V and VIII of Mz. 

Wilson Contr. No. 152. 

In order that the 

equatorial plane of a 

cluster and the galactic 

plane may be parallel, 

180° the parallelism of the 


major axis with the 

Fic. 3.—Curve of star-density for Messier 22. lack eclart 
The radial co-ordinates show the number of stars 8¥@CtIC CIrCle 1S a Den 
for each 30° of position-angle. sary though not sufficient 


condition. Without 
knowing another dimension of the inclination we can say little 
as to the possible influence of the greater system upon the orienta- 
tion of its secondaries. There are 15 clusters whose major axes 
are inclined less than 35° to the galactic circle; some of these may 
be parallel with the Galaxy, but none of the others can be considered 
as even approximately so. 

If the equatorial planes of globular clusters are distributed at 
random we should find both large and small inclinations of the 
major axes at all distances. This condition holds for the 25 clusters 
more distant than 2000 parsecs from the plane, their inclinations 
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ranging from o° to 85° with an average of 45°, as shown in Table III. 
The major axes of all the 8 clusters within 3000 parsecs of the plane, 


TABLE II 
Restirs FoR 41 CLUSTERS 
alactic | Galactic | Adopted Posi- | Inclination of | Pistance from 
Messier | rong) Latitude | tnshnalect | Miter Aas te | Qi isoo 

BTS eae 272° | —44° ae 45° = 47 
eat 268 —46 ace) 15 — 109 
bes cee BLE —34 ADDINCIIChe | Kamera trae = 90 
79 195 —28 20 30 PW iGIo) 
ama siete 240 —fI1I 20 65 — 32 
Lene 269 = ie 30: 65: ce Figs) 
53 307 +79 165 75 +186 
eee Uhl +16 IIo 30 + 18 
3 8 aid INS vans, a ||setase ore +135 
Bai fee 279 = ir ADDEMCITCS ‘Gases teeta + 37 
5 333 +45 oo... 15 + 88 
Bsc ae 305 are IN PDEN CINCH ||| Brreeeey ete + 47 
80 320 +18 165 55 + 62 

4 319 15 115 7° hag 

f aingste 331 +22 65: 30: + 60 
13 26 +40 125 65 + 71 

12 344 +25 ADPEMCIEC As eee Pee 52 
Io 343 +22 APPLE GICs el eee reat + 45 

62 320  % 7° 35 =F t9 

19 324 + 9 15 20 25 
SER wrest 325 +10 ADDU CIEC S| eceiaceerce + 64 
See ren 325 + 8 AR ° + 37 
eee 323 + 5 APPESiC1NCs||n anette ees + 28 
92 35 +34 25 15 + 69 
Meera 203 —i7 IIo 80 — 38 
sponte 304 —12 35 5 — 17 

14 349 +14 100 7° + 56 
Bee cae 316 —32 45 20 — 25 
ae aes 309 —16 PPT CING.. | terror — 73 
28 336 EF 45 20 = 2B 

22 338 = ie 25 ° = 12 

70 320 ie 150: 55: 41 
54 333 —i6 95 7° — 44 
Ae Seta 327 —18 NP PIs CLC sas | eer eb ey seeeeaseen — 30 
at 303 — 26 125 65: — 39 
56 30 sc YW IA DDENCIECS bl Aictaetaetrtasara + 30 

55 335 —24 100 80 i 
ate a2 —20 115 85 — 228 
15 33 —29 30 10 ye 

2 22 37 140 7° 764 

30 356 —48 20 5 28 


however, are inclined less than 35°, except for N.G.C. 4372, which is 
very loose and apparently is partially obstructed by dark nebulosity.* 


I Cf. p. 22, n. 2, of Mt. Wilson Contr. No. 152. 
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There is some evidence, therefore, that the equatorial planes in 
clusters may be roughly parallel to the galactic plane when near 
it, but that when distant they are oriented at random in space. 


TABLE III 


AVERAGE INCLINATION TO GALAXY FOR DIFFERENT 
DISTANCES FROM GALACTIC PLANE 


Interval of Rsin8 | Natiters’ | Rising | Inclination 
O tO Hs 201s stats 5 17 23° 
+20 to #40........ 8 31 41 
#40110 = 60\4.0 © one 5 46 64 
+60 to +80........ 5 67 36 
> HBO. 5. te 7 136 42 
DELO ne cae vam 25 72 45° 
SUMMARY 


1. The good agreement of results from counts on large-scale 
photographs with results from estimates on Franklin-Adams charts 
justifies the use of the latter for detecting the ellipticity of clusters 
(Table I). 

2. Thirty globular clusters show an apparent elongation due to 
the discoidal distribution of their stars; a number of others appear 
circular in outline, due either to actual sphericity or, more prob- 
ably, to the high inclination of their planes of symmetry to the line 
of sight (Table IT). 

3. Probably the most elongated cluster on record is Messier 19, 
for which the stars are more than twice as numerous in position- 
angles 15° and 195° as in directions perpendicular to the major axis 
of the projected ellipse (Fig. r). 

4. The flattening of a globular cluster, while appreciable, is 
obviously very small in comparison with that of spiral nebulae or 
with what now appears to be the form of the general galactic system. 

5. The equatorial plane of the globular cluster nearest the 
galactic plane, Messier 22, appears to be parallel to the Galaxy 
(Figs. 2 and 3). 

6. In general, the clusters nearest the dense stellar regions are 
most nearly parallel to the galactic plane. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


FOURTEENTH PAPER: FURTHER REMARKS ON THE 
STRUCTURE OF THE GALACTIC SYSTEM 


By HARLOW SHAPLEY anp MARTHA B. SHAPLEY 


The present paper contains miscellaneous notes relating to or 
extending the results and arguments of the twelfth paper of this 
series. ‘To economize space the observations are treated synop- 
tically, and the discussion of interpretations is abbreviated in so 
far as consistent with a fair presentation. ‘The subjects discussed 
are the following: 

I. The indication of a direct relationship between globular and 
open clusters afforded by the galactic distribution. 

IJ. The seventeen clusters which recent studies have added to 
the original lists in Mount Wilson Contributions No. 152. 

III. Diagrams of the positions in space of all globular clusters. 

IV. Evidence that the observed absence of globular clusters 
from the equatorial segment is not due to obstructing cosmic 
clouds in the Milky Way. 

V. The diameter-parallax relation for globular clusters as 
derived from other sources than the Franklin-Adams charts. 

VI. Holetschek’s magnitudes of 40 globular clusters and the 
possibility of determining relative parallaxes from measures of 
the integrated light. 

VII. Observational data supporting the view that the motions 
and distribution of spiral nebulae depend upon dynamical causes 
quite different from those prevailing in clusters of stars. 

VIII. The bearing of the cluster studies on the formulation of 
a tentative hypothesis of the origin and development of the galactic 
system. 
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IX. Evidence from the Henry Draper Catalogue concerning 
the extent and inclination of the local cluster defined in Mount 
Wilson Contributions No. 157. 


I. THE COMPLEMENTARY DISTRIBUTION IN GALACTIC LATITUDE OF 
GLOBULAR AND OPEN CLUSTERS 

Although we have not as yet determined individual distances 
for open clusters we may safely accept that, generally speaking, 
they are much nearer the sun than the globular systems. If we 
should assume that the two kinds are similarly distributed with 
respect to the galactic plane, most open groups would appear in 
relatively high galactic latitude, because of their proximity to the 
sun. With the exception of such near and luminous groups as the 
Pleiades and Praesepe, however, they occur only in low galactic 
latitudes, and they do not show the avoidance of the Milky Way 
exhibited by globular clusters. In fact, when actual positions in 
space are considered, they appear to occur in the dense stellar 
regions where globular clusters are not found; and they do not 
occur in the extra-galactic realms where the globular clusters are. 
This apparently complementary distribution of the two types of 
clusters is of high importance for the hypothesis which derives the 
galactic system originally from stellar clusters and obtains the open 
groups of the Milky Way from the extra-galactic globular organi- 
zations. 

The continuous gradation of the compact groups into the open 
clusters of the Milky Way might be more clearly shown if we could 
correlate compactness with R sin 6;? but lacking parallaxes of the 
open clusters, we must for the present content ourselves with point- 
ing out the complementary character of the frequencies of galactic 
latitude. In Fig. 1 the full line refers to open clusters—the objects 
of Classes II and III of Melotte’s catalogue. A few clusters have 
been withdrawn from his classes and two or three added, on the 

* Cf. Contributions from the Mount Wilson Solar Observatory, No. 152, Figs. 4, 5, 
and 6; No. 157, Fig. 2. 

2 R is the radial distance from the earth, B is the galactic latitude. 


3 Memoirs of the Royal Astronomical Society, 60, Part V, 1915. Diagrams by 
Melotte illustrate the well-known difference for open and globular clusters of the 
distribution in galactic longitude. 
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basis of Mount Wilson plates. Table I contains the assembled 
results. 


The dotted line in Fig. 1 refers to globular clusters; the data are 
from Mount Wilson Contributions No. 152,' supplemented by the 
additional material in Table II of this paper, omitting only the five 


TABLE I 


FREQUENCY IN GaLactic LATITUDES OF OPEN AND GLOBULAR CLUSTERS 


NuMBER OF OPEN CLUSTERS |NUMBER OF GLOBULAR CLUSTERS 


Gatactic LATITUDE ; 
North South North South 


HHOOHHHHOH OOH NOH NHFNHAPAWHRHO 
HHHODOODOHNOOWNH HR OWHWBNWWNNDND HO 


iS) 

lon 

! 

iS) 

ao 
CO0C0ODDOOONDOOHOONOWOFUNWN 
C0O0DDDDOOOOOOOHOOWWnNS ON 


unproved clusters. Fig. 2 gives the frequency when the results are 
treated irrespective of the sign of 8, and shows more clearly the 
apparent relation of open and globular clusters. A few globular 
systems in high galactic latitude are not represented in the dia- 
grams, and for 8210° the numbers of Table I for both globular and 
open clusters have been combined into small groups in drawing 
the curves. 


t A few of the latitudes of Table V (of. cit.) have been slightly revised as noted 
in the third section of the present contribution. 
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If for 8, the angular distance from the plane, we were able to 
substitute the linear distance, R sin 8, the mid-galactic maximum 
for the open clusters would be closely restricted around the vertical 
axis; and the two maxima of the dotted curve would be relatively 
much steeper on the side nearer the vertical axis, showing that the 
galactic zone is entirely clear of globular clusters.* 

Clusters of Melotte’s Class II are more compact and populous 
than those of Class III, but the distribution in galactic latitude is 


—40° —20° o° = +20° +40° —40° —20 ° +20° +40 


Fic. 1.—Frequency in galactic latitude Fic. 2.—Reflected frequency-curve of 
of open clusters (full line) and globular galactic latitudes for open clusters (full 
clusters (broken line). Ordinates are line) and globular clusters (broken line). 
numbers of clusters; abscissae are angu- 
lar distances from the galactic plane. 


essentially the same for both types. Choosing from all the data 
the twenty richest and most regular open clusters, we find the 
following distribution in galactic latitude: 
eat Mie vad: Gian! Soot Wea fol ge hae) ap ase SS 

Number 2 4 4 3 5 2 ° 
This certainly does not show a concentration to the medial plane; 
but perhaps it does not indicate as marked an avoidance of that 
plane as might be expected if we assume that globular systems are 
more closely allied to rich clusters than to the average open group. 


* Cf. Fig. 6 of the seventh paper of this series. 
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Il. THE DISTANCES OF I7 ADDITIONAL GLOBULAR CLUSTERS 


A year ago 69 clusters were accepted as definitely globular. 
Since that time special effarts have been made to examine with the 
60-inch reflector the suspected and doubtful cases north of declina- 
tion —30° that had not been admitted to the earlier lists. The 
experience gained as a consequence of photographing faint and 
abnormal systems has also afforded a basis for better judgment in 
accepting or rejecting the clusters too far south for observation at 
Mount Wilson. Some unpublished observations of clusters with 
the Crossley reflector at the Lick Observatory were generously 
placed at our disposal by Professor Curtis. While at Mount 
Wilson during the past summer Professor Duncan of Wellesley 
College kindly made some long exposures on clusters with the 
60-inch reflector. 

Results of the survey of doubtful cases are summarized in 
Table Il. In addition a number of clusters concerning which 
some doubt existed,? such as N.G.C. 4147, 6144, 6656, 6712, and 
7006, have been proved during the year to be entitled to places 
in the lists; none of the 69 original clusters should be withdrawn, 
as far as the present observations go. 

As in Mount Wilson Contributions No. 152, the treatment of indi- 
vidual cases must be omitted. The distances, which in general 
cannot claim as high accuracy as those previously studied, depend 
for the most part upon diameters, since the objects in many cases 
are so faint that accurate analysis of the magnitudes would have 
been too laborious. Exposures of several hours were occasionally 
necessary to test for globularity. Frequently systems that shorter 
exposures had shown with some definiteness to be open’ proved 
upon more persistent observation to be globular. At present there 
is hardly another object, north of —30° at least, that is suspected 
with good reason of being a globular cluster. 

Three points relative to the large distances are worthy of com- 
ment. (1) Practically all of these additional systems are more distant 
than 30,000 parsecs (100,000 light-years), thereby confirming an 


t Tables V and VIII of Mt. Wilson Contr. No. 152, 1917. 
2 Op cit., p. 9, 0. 2. 3 Op. cit., p. 14, N. 2. 
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earlier surmise as to the completeness of the survey of globular clus- 
ters within that distance of thesun. (2) Every recognized globular 
cluster except one bears a number from the New General Catalogue, 
thus testifying that, in spite of distance and faintness, all of these 
remote objects were known prior to 1888. In fact, all but this one 
exception were known before 1864, the date of the General Catalogue, 
and all but three or four had already been catalogued by the 


TABLE II 


PARALLAXES OF 17 CLUSTERS 


. GALACTIC DisTANceE (UNIT IS 100 PARSECS) 

N.G.C. R. A. 1900 | DECL. 1900 Projected on Bron 
Long. Lat. Radial Galactic Galactic 

Plane Plane 

MONA he Ss 5 14h 17 | +20° 0’ 10° | +72° 195: 60 +180 
TI.C. 44099 14 45.0 | —8r 49] 274 | —20 250 235 — 85 
SO2 Ti Nite cd sere 1520.5) |) —5Ou1g 204 + 5 185 185 + 16 
TOV Ais a cavont I5 28.2 | —50 19 295 + 4.0] 415 415 + 29 
OSG Sirs eernee £7 17.8 || —26. 55 B27 + 4.4 500 500 + 38 
BOs OORT 17>22.4 | — 4 50 346 +16 320 310 + 89 
SOA20 Re Cee 17 39.9) || +13 13) |) 356 +15 570 550 +150 
OAAO Meares L720) |) —20 810 330 Sn Bas 525 525 + 23 
TOAGOm eee L7SLeO | AAA 315 +11 305: 300 + 58 
ROS Ie7abereee tet 17 56.4| — 857 | 347 +5 625 625 + 55 
WORE Soidoood 17 58.7| —o 18] 354 | +10 370: 365 + 64 
0530) cue or DE GA F/B IL BYERS. I ae 400 400 + 42 
GLOSS cing nae ie) | BoA lh Seas, UXO 332 = Bol 320 320 — 10 
{6558 ie aes ot 18 3.85) —3rr4s 327 =6 455 450 — 48 
OS OOm eaters LOM E20 as DeGik 328 — 7 400 305 — 49 
OVO ae e Ge bee UG) Go | de Ge B — 4.6 | 525 525 — 42 
ET AQ2:. purene 20s el OL ORO BI —64 285 125 —255 


* Certainly a globular cluster. 
{ Almost certainly a globular cluster. 
{ Probably a globular cluster but as yet not proved. 


Herschels or earlier observers more than eighty years ago. This is 
further evidence of the completeness of our lists of globular clusters. 
(3) N.G.C. 7006, with adopted distance of 67,000 parsecs, still holds 
its place as the most remote sidereal object of definitely estimated 
distance. 

Further observations are likely to prove that N.G.C. 6355 and 
6535 are globular, but present photographs of them are hardly con- 
clusive. The other three unproved systems are too far south for 
the 60-inch reflector. 
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Perhaps the most striking result of this special survey is the 
evidence that every faint, little-condensed cluster in galactic lati- 
tude higher than 15° or 20° is really globular, although short expo- 
sures and visual observations had in several cases heretofore 
recorded few stars. On the other hand, the similar faint clusters 
along the galactic equator, without exception, are open groups with 
no condensed background of faint stars appearing on long exposures. 
N.G.C. 7492, for instance, was formerly considered an exception'— 
an open cluster outside the galactic segment—but it is actually 
globular, containing thousands of stars. The evidence grows con- 
tinually stronger that open and globular clusters occupy regions of 
space that are mutually exciusive. 

There is also some evidence that an abnormal type of globular 
cluster exists, one in which the brighter stars are fainter and more 
scattered than is usually the case. In their luminosity-curves a 
distinct break appears to occur between the brighter and fainter 
stars, and for such systems the parallax-diameter relation may not 
be strictly applicable. The known examples of this type are 
N.G.C. 5466, 6366, and 7492; it might be well also to place N.G.C. 
4372, 5897, and 6144 in this group, although for two of them an 
alternative interpretation of the apparent discrepancy between 
diameter and magnitude may be available.?, The abnormal form 
possibly represents an early or late stage, or a disturbed condition 
of a typical globular cluster. In N.G.C. 7492, for which some pre- 
liminary colors are available, the brightest stars are yellow. 


III. ON THE DISTRIBUTION IN SPACE OF 86 GLOBULAR CLUSTERS 


For the reasons apparent from the following remarks, it seems 
worth while to revise the plots and extend the discussion of the dis- 
tribution in space of globular clusters. Fig. 3 shows the projection 
on a plane perpendicular to the Galaxy and oriented to include 
galactic longitude 325°. It gives the appearance of the system of 
clusters as seen from longitude 235° and is thus merely a revision 


« Publications of the Astronomical Society of the Pacific, 30, 50, 1918. 
2 Mt. Wilson Contr. No. 152, p. 14, N. 2, 1917. 
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of Fig. 4 of the seventh paper of this series." The values of the 
abscissae, R cos cos (A—325°), were determined graphically for 


TABLE III 


SPACE CO-ORDINATES OF GLOBULAR CLUSTERS 


N.G.C. R sin B Da heskes, Peonre. N.G.C. R sin B eee) ae 
104....| — 47 + 29 =i 39) A) 0345 a5 fn OG +. 33 + 96 
288....| —189 m3 —- 7 0352)..4| = 928 +216 — 66 
APs dil nore) + 58 — 89 6355 alee go +500 + 18 
1261....] —199 + 8 SK MW OBOE S poll Se" Oey +375 + 59 
18st....| — 96 — 58 —I3I CRO nba ee +105 — 66 
TOCA sels 20 —145 —173 6366....| + 89 +290 +111 
2206 sae Mem OS — 88 —219 0385.25) 0s +269 — 62 
2808....| —s32 + 40 —162 O20 77 ial, + 76 — 29 
Bw 55) qe eo + 23 —143 6402....| +56 +207 + 92 
4147....| A514 — 23 | —107 O4260E eat SO +471 +283 
POP sonl) = 13 + 63 — 94 6440....| + 23 +516 +100 
4590....| + 97 + 70 —108 6441....| — 40 +452 — 32 
RC Lo alp = a 2G + 96 —132 6496*...| + 58 +296 — 52 
5024....| +186 34. ip ET || (OGL Zee etal tS +579 +234 
E330 el eto + 41 = 401 O85 nae +319 ery 
Ono) russe + 20 + 21 6539. ---| + 42 +368 +156 
Greenday ar lsu +134 —139 OS40S eal EeS +142 — 22 
PCOS en olf exer + 42 + 42 OS53 ae |) TO +318 + 39 
5634....| +229 +191 — 55 6558*...| — 48 +450 + 16 
I.C. 4499] — 85 +148 —183 || 6569....) — 49 +395 028 
5897....| + 75 +125 Sth | OS4 ce] mene 1s +243 ae 
Beer dasl| are Oe + 86 LE 6624....| — 40 +282 + 25 
SOA H#o soa ap ue +159 — 05 6626....] — 19 +181 “1 32 
5046". 2] =F 20 +359 — 208 6637....| — 41 +209 + 15 
5986....| + 47 +1o1 — 69 6638....) — 48 337 + 60 
(ek dal am OS +188 — 16 O05 256m. 105 +305 + 16 
OLOTE Rs eas 5 +156 —135 6656....| — 12 + 80 + 18 
OHA soa) ae ee +109 — 13 6687s. 5.)) say +177 + 12 
OL4A ere eae OS —1-225 — 25 O72 as ase +274 +145 
UGA 5 ecil ap OO +148 + 16 OW Dt sii Ae = L53 + 22 
OHO socal) ap 7 + 40 + 75 6723¢- 5) 30 +121 + 4 
O27 Skee alto 2 +106 sp oe OVP ss5l, = oO aP 8 = 3 
220m real 274: + 82 +328 6760....| — 42 +414 +323 
O22 5 eee eal Tie +487 =+-'-8 6779.3..| - 30 +105 +225 
CARESS asl] Gp 2S +106 + 32 6809....| — 41 + go =>) 56 
XD. o.calf Gr RO +150 — 13 6864....| | —206 +376 +152 
OMYBecrell Sr 2 +157 SHB 6934....| 114 +180 +256 
6284....| + 64 +364 fe) 6981....| .—164 +192 +150 
62370 anos +428 ap 28S FOOOm =| = 225 +245 = Sil 
OB icos||, ar 7 +261 ° 7078....| — 69 + 49 +12 
6304....| + 28 +320 — II 7089.:..| — 94 =O +104 
6316....| + 46 +524 ° 7099....| —128 +101 + 56 
6333....| - 43 +244 Tr. BAW BAO 2 ee ens an YO +104 


* Probably a globular cluster but not definitely proved. 


* Mt. Wilson Contr. No. 152, 1917. The point for M75 (N.G.C. 6864) is 
erroneously plotted in the earlier figure. 
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the earlier plot; they are now computed and entered in the third 
column of Table ITI. All globular clusters are represented in the 
new diagram, including the five unproved objects marked with the 
double dagger in Table II.“ The open circles designate clusters for 
which the provisional distances are marked in Table II by a colon. 


° -+ 20,000 -+ 40,000 +60,000 
+55,000 - 


+ 40,000 


+ 20,000 


e Oro. ee e 
ZZ Saad Co ODD 
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Fic. 3.—Projection of the complete system of globular clusters on a plane per- 
pendicular to the Galaxy and oriented to include the line from the sun to the center 
of the system. Ordinates are R sin 8; abscissae are R cos 8 cos (A—325°); unit of 
distance is one parsec. The sun at the origin of co-ordinates is marked by a cross. 
See Fig. 4 of Mt. Wilson Contr. No. 152. 


The parallax of Messier 22 (N.G.C. 6656) has been increased 
slightly over the value previously adopted. The cluster is fairly 
open and in a rich field, and it is now found that the stars selected 
for the study of magnitudes were so near the center that an error 
of 0.15 mag., due to the Eberhard effect, crept into the earlier 
results. The values of the galactic co-ordinates for some of the 
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clusters in Table V of the seventh paper were taken from the cata- 
logues of Bailey, who used a position of the North Galactic Pole 
slightly different from that adopted for this work. The computa- 
tions in Table III are all based on the co-ordinates in Melotte’s cata- 
logue, with the result that the new values of R sin 6 differ in a few 
cases from those previously computed. The revised galactic posi- 
tions, however, never differ by more than a degree in either co- 
ordinate, except for the longitudes in high galactic latitude. 


+30,000 +20,000 -+10,000 ° —10,000 —20,000 
+ 24,000 


+ 20,000, 


ASS eae ZEEE. 
CAEN EEE ENE EEE DN EEE EEDA EE ELENA 


— 26,000 


Fic. 4.—Projection of the system of globular clusters on a plane perpendicular 
to the Galaxy and to the plane of the preceding diagram. Ordinates are R sin 8; 
abscissae are R cos 6 sin (A—325°). 


Three points formerly not definite are now emphasized by 
Fig. 3: (1) There is no sensible increase in the minimum distance 
from the galactic plane with increasing distance from the sun. 
(2) The additional results have filled in the gaps of the earlier work, 
and show that the provisional estimate of a distance of 20,000 
parsecs to the center of the system is not too great. (3) There is 
evidence that the globular clusters occupy a space shaped some- 
what like a split wedge, the base of which passes nearly through the 
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sun and contains the great circle defined by galactic longitudes 55° 
and 235°. Only a part of the tapering of the wedge beyond the 
center of the system is to be attributed to a lack of observations. 
The inclined broken lines’in Fig. 3 suggest the degree of tapering 
away from the extremely broad and sharply defined base. 

Fig. 4 shows the projection of globular clusters on a plane per- 
pendicular to the Galaxy and to the plane of Fig. 3. It represents 
the appearance of the system of clusters as seen from a great dis- 
tance in longitude 145°, indicating approximately the apparent dis- 
tribution as seen from the earth. ‘The co-ordinates for this plot 
are in the second and fourth columns of Table III. The close 
approach to symmetry when viewed from this angle is interesting; 
the numbers of clusters in the four quadrants are 20, 23, 23, and 20. 
N.G.C. 4147, 6229, and 7006 are outside the limits of the figure. 

It is a striking fact that the system of 86 globular clusters listed 
in Table III is divided into exactly equal numbers by the plane 
of the Milky Way. 


IV. NOTE ON THE ABSENCE OF GLOBULAR CLUSTERS FROM 
MID-GALACTIC REGIONS 


In the seventh and twelfth papers of this seriest comments have 
been made upon the absence of globular clusters from the equatorial 
region of the galactic system. The importance of the phenomenon 
necessitates a full consideration of its reality and meaning. That 
the condition is real is attested by such evidence as: (1) the con- 
sistent agreement of the results for clusters at various intervals of 
distance along the galactic plane; (2) the presence of blue stars 
and open clusters on the galactic equator at distances equal to 
those of the nearer globular clusters; (3) the absence of appreciable 
light-scattering in space; and, finally, (4) the apparent dynamical 
relation of globular to open clusters and their complementary dis- 
tribution. 

Probably the best evidence that dark nebulosity does not 
obscure globular clusters in the equatorial segment (the nebulous 
clouds assumed, for instance, to be analogous to the peripheral 


I Mt. Wilson Contr. No. 152, p. 22, 1917; No. 157, pp. 6, 10, 1918. 
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ring of absorbing matter observed in some spiral nebulae) 
is afforded by the diagram of Fig. 5. Let us consider first the 
31 globular clusters for which the distance projected on 
the plane of the Milky Way, R cos 8, does not exceed 15,000 
parsecs. Fifteen are north of the galactic plane and sixteen are 


10,000 15,000 20,000 30,000 40,000 50,000 


= 
ft 
7 0 


ini (eesti 
i Ls gs ESAS SEA EID 


app | 


+15,000 


— 15,000 
Fic. 5.—Diagram to illustrate that the equatorial segment may not be devoid of 
globular clusters because of clouds of obstructing matter in the Milky Way. Ordinates 
are R sin 8B; abscissae are R cos 8; the unit of distance is one parsec. Twelve clusters 
fall outside the limits of this diagram. 


south. Their frequency in distance from the plane, R sin 8, is as 
follows, the unit of distance being 100 parsecs: 


RsinB >+200 +200to +150to +100to +75 to +50 to < + 25 —12 to 
=150 +100 75 =5Q0 «= 25 +18 
Number of 


Clusters 3 2 S 5 5 9 4 ° 
This tabulation, as well as the part of the diagram to the left of the 
heavy vertical line, shows definitely the absence from the Milky 
Way of the nearer clusters. 

If we attribute the absence of globular clusters to the obscura- 
tion by dark matter in low latitudes, we may indicate this hypo- 
thetical obscuring material by the vertical shading across the 
equatorial segment. If the nearby clusters are missing because of 
these clouds of obstructing matter, then certainly the faint and 
more distant clusters behind the clouds should be wanting. That 

318 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 13 


is, the light from every visible cluster with galactic latitude less 
than + 8° would pass through this region, which, by supposition, 
is capable of concealing twenty or thirty systems that are relatively 
near. To maintain the assumption, no clusters should be found 
within the diverging lines. Observation shows nearly a score. 
The supposition, therefore, that the mid-galactic regions are not 
transparent appears untenable. 

During the six months that have elapsed since the preceding 
paragraphs were written some doubt has been thrown on the fore- 
going conclusion, notwithstanding the amount and character of 
the evidence in its favor. A discussion of the new arguments and 
the observational data will be given elsewhere in connection with 
a treatment of the parallaxes of open clusters. For the present 
the reality of the avoidance of the galaxy by globular clusters 
must be considered an open question. 

We cannot suppose that the 19 clusters' within the diverging 
lines have been estimated too distant because of partial obstruction 
of their light, and that they are actually the clusters missing from 
the nearer equatorial segment. The distances of these clusters are 
based upon angular diameters, some upon magnitudes as well, 
and we have found that the parallax-diameter relation holds 
whether the clusters are near or far from the galactic plane.” 


V. ON THE PARALLAX-DIAMETER RELATION FOR GLOBULAR CLUSTERS 


The relation between the distances, as determined both from 
variable stars and from mean magnitudes, and the apparent diame- 
ters, as measured on the Franklin-Adams charts, is unexpectedly 
definite, if we consider the various constitutional differences among 
globular clusters. The relatively small deviations from the 
parallax-diameter curve appear to mean that abnormal clusters are 
rare. That the correlation of distance and apparent diameter is 


t One cluster with R sin B=+5,500 parsecs falls outside the diagram to the right. 

2In the sixth section of this paper the additional parallax-diameter curves are 
definite, notwithstanding the large differences in exposure-time and in the brightness 
of the stars appearing in the photographs. 

3 For instance, the occasional contrast in concentration of the brighter stars, 
noted in the second section of this paper. 


4 Fig. 1 of Mt. Wilson Contr. No. 152. 
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actually fundamental, however, and is therefore reliably applicable 
to the estimation of parallaxes not otherwise obtainable, is further 
attested by the supplementary data represented in the curves of 
Fig. 6, which we shall presently describe. 

The significance of these fairly uniform results must be that, for 
the large majority of globular clusters, the linear dispersion of the 
central nucleus’ is nearly constant, although we cannot as yet 
decide definitely whether that condition connotes approximately 
simultaneous origin of all known extra-galactic cluster systems, or 
rather an essentially permanent dynamical condition in spheroidal 
stellar groups. The second alternative is supported by the evidence 
of numerousopen galactic clusters. Such groups appear to main- 
tain dimensions of the same order as those of globular systems, but 
they show, in the scarcity of their red giants and the preponderance 
of highly luminous blue stars, indications either of much greater 
age or of more expeditious development. 

Without doubt the most homogeneous photographic survey now 
available for the whole sky is that initiated by Mr. Franklin- 
Adams;? the uniform length of exposure, the quality of stellar 
images, and the scale of the photographic charts are all particularly 
suitable for the study of the composite images of clusters, reported 
in Mount Wilson Contributions No. 152. 

We have a second comprehensive photographic survey in the 
Harvard Map of the Sky, but the copies (positive prints on glass) 
of the originals show considerable lack of homogeneity in quality 
and limiting magnitude;3 in particular, the scale of the plates is 
so small (aperture 1 inch, focal length 13 inches, exposures 39 to 
75 minutes) that high accuracy cannot be expected in determining 
the apparent diameters of the nearly starlike images of globular 
clusters.4 Notwithstanding the difficulties due to faintness, small 


"The estimates of diameter on the Franklin-Adams charts “refer actually to 
what appears to be a central core of each system. The scale of the photographs does 
not permit close differentiation of the outlying members of a cluster from the stars 
of its surrounding field,” p. 25, n. 1, Mt. Wilson Contr. No. 152. 


? Memoirs of the Royal Astronomical Society, 60, Part 3, 1915.° 
3 Cf. Nort, Recherches Astronomiques de V’ Observatoire d’ Utrecht, VII, 1917. 
4The Harvard Map is described in Harvard Circular, No. 71, 1903. 


320 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 15 


size, and the resulting confusion with the surrounding fields, the 
mean results show, in the upper curve of Fig. 6, a definite progres- 
sion of apparent diameter with adopted parallax. Each point rep- 
resents the mean of five values. Many of the most distant clusters 
could not be certainly identified on this scale; and w Centauri, 
with diameter 22/6, parallax o”o0015 is also not plotted. The 
deviations for the individual clusters average nearly 25 per cent of 


Fic. 6.—Parallax-diameter curves for globular clusters. Above: diameters from 
plates of Harvard Map of the Sky; below: diameters from Palisa-Wolf charts; 
ordinates are diameters; abscissae are parallaxes in units of o”000001. 


the adopted parallaxes, a decidedly lower accuracy than shown by 
results from the Franklin-Adams charts" but still of considerable 
value as a further justification of the method and as a check of the 
separate values. 

The photographs of the Milky Way by Bailey’ are also service- 
able for this work, since many of the globular clusters lie within 
10° of the galactic circle. The scale of his photographs is about the 


t Cf. Table VII of Mt. Wilson Contr. No. 152. 
2 Harvard Annals, 72, No. 3, 1913; 84, No. 4, 1916. 
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same as for the Harvard Map, and a casual examination gives 
comparable results. 

The scale of the photographic charts published by Palisa and 
Wolf is more than double that of the Franklin-Adams charts, but 
the series is incomplete and the exposure times for the few plates 
that contain clusters vary from 1540™ to 3%30™. The results for 
the nine clusters available are in the lower part of Fig. 6; they 
suggest the high value of a complete series of long exposures on the 
larger scale, and they again emphasize the validity of this manner 
of estimating distance. The discordant point refers to N.G.C. 6626, 
a compact cluster in declination —25°. 


X 


07000030 07000050 07000070 


| Bae 
eect 


Fic. 7.—Parallax and integrated visual magnitude. Ordinates are Holetschek’s 
magnitudes; abscissae are adopted parallaxes. 


Nearly all of the values of diameter used in this section are 
based upon two independent series of measures by Miss Davis. 


VI. TOTAL LIGHT AS A MEASURE OF THE DISTANCES OF CLUSTERS 


The mean apparent magnitude of the 25 brightest stars in a 
globular cluster has been used with satisfactory results as a criterion 
of distance." The integrated apparent brightness of the same stars, 
or even of the hundred or so brightest stars in each system, would 
probably be an equally good measure of the distance. The inte- 
grated light of all the thousands of stars in a globular cluster, how- 
ever, does not greatly exceed that due to its brightest stars alone; 

* See the fifth section of the sixth paper of this series, Mt. Wilson Contr. No. 1 51, 


IQr7, 
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and if it were possible, after overcoming some of the obvious minor 
difficulties, to measure accurately the total apparent brightness 
of such systems, possibly a valuable method would result for deriv- 
ing the relative parallaxes df all typical globular groups. 

A study has been made by Holetschek' of the integrated visual 
magnitudes of the brighter clusters and nebulae visible at Vienna. 
His adopted magnitudes for globular clusters, given in Table IV, 
are of very unequal merit owing to disparity of observation, vary- 
ing diffuseness of images, and availability of comparison stars. Mag- 
nitudes of the comparison stars were taken in general from the B.D. 


TABLE IV 


HOLETSCHEK’S INTEGRATED MAGNITUDES OF GLOBULAR CLUSTERS 


N.G.C. Mag. | Parallax N.G.C. Mag Parallax NGC, Mag Parallax 
TOOAS<ia 0 8.0 30 02205552 O50 23 06372 EO 10 47 
719. ae 9.4 LOU NEO23 5 cee Oy, 20 6050.4. | 012 118 
4500x525 5 8.2 62 O25 Ament Oug 83 GOSTee Ons 55 
5024. Teo 53 62605 aoe eO 66 O72 2ee | eoRO 32 
Se OR eee 6.6 72 O27 2 0er EE OLS 63 O7 60mm ale LORS 19 
SAOOS* ee ss 8.5 51 02545 ee OnS 27 O77 OMe Ooms 40 
tee Le oe 9-7 aa 0237 eer a Ome, 23 6864....| 8.0 22 
BOOy ee cee 10.2 67 O26 2a eons 38 OO34 wets OFC 30 
BOOK Gs cies On7 80 0333 eee ie 40 OOSLrer- cons 34 
6003.2... Fess: 50 OS fie One 81 HEM se al) Oa I5 
OROT ha 6.8 88 O2568. ci) O25, 26 Levislen col) Wee 68 
CET Tee a.2 <i 9.0 62 04022..." 728 43 We caall Way 64 
205 2 oe et 5.8 go O620c— a5 7-9 54 WeOMucaal teas 58 
Ot ae oe 6.8 81 


catalogues, and high accuracy is not claimed for the results. The 
parallaxes in Table IV are the adopted values from Mount Wilson 
Contributions No. 152; the unit is 0”000001. 

Omitting the magnitudes for clusters south of declination — 20° 
because of uncertainties connected with low altitude and short 
observing season, we have combined the remaining twenty-three 
values into normal groups in order of parallax. The plot of the 
normal points in Fig. 7 shows the expected uniform decrease of 
brightness with increasing distance. Obviously a systematic com- 
parison with recognized magnitude standards, using a telescope of 


t Annalen der k.k. Universitdts-Sternwarte in Wien, 20, 114, 1907. 
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extremely short focus, or a method that is independent of the angu- 
lar diameters of the images compared, would contribute important 
material to the problem of the relative parallaxes of star clusters. 


VII. THE CONTRASTED MOTIONS AND DISTRIBUTION OF GLOBULAR 
CLUSTERS AND SPIRAL NEBULAE 


The known radial velocities of globular clusters are predomi- 
nantly negative.. These enormous stellar systems, moving under 
gravitational attraction with an average speed of more than 
100 km/sec., are apparently as a class approaching the sun; and, 
remembering their extra-galactic positions, we also infer that they 
are approaching and falling into the dense stellar strata of the 
general galactic system. To be sure, the spectroscopic study of 
clusters has not gone far as yet, but the above inference does not 
rest upon observed velocities alone. The composition of the galac- 
tic system and the distribution of clusters in space, especially the 
relation of globular systems to the open groups of mid-galactic 
regions,? yield more important evidence than is afforded by radial 
velocities that the galactic system absorbs globular clusters. 

On the other hand, the brighter spiral nebulae as a class, appar- 
ently regardless of the gravitational attraction of the galactic sys- 
tem, are receding from the sun and from the galactic plane—a 
remarkable condition that has been little emphasized heretofore. 
From the published spectroscopic work of Adams, Campbell, Moore, 
Paddock, Pease, Sanford, Wolf, Wright, and particularly of V. M. 
Slipher at Flagstaff, we obtain the radial velocities in the fifth 
column of Table V. The Andromeda nebula (N.G.C. 224) and its 
companion are treated as a single object. The radial velocity of 
the nucleus of Messier 33, as determined by Pease from absorption 
lines, is given in preference to the earlier values derived by Pease 
and Slipher from bright lines. 

Limited as this material is, it yields some important results, 
which emphasize the contrast between clusters and spiral nebulae 


*See Mt. Wilson Contr. No. 157, 1918, Table I and Section 6. 
2 Sections I and III of this paper. 
3 Publications of the Astronomical Society of the Pacific, 28, 33, 1916. 
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and bear directly upon the structure and present status of the 
galactic system. These preliminary results, appearing in the seven 
numbered divisions below, are the more worthy of mention at the 
present time because the increase of observational data for spirals 
will necessarily be slow from now on, due to the extreme faint- 
ness of the nebulae not already observed for radial velocity. 


TABLE V 


POSITIONS AND RADIAL VELOCITIES OF 25 SprRAL NEBULAE 


GALACTIC APICAL DISTANCES, 0 
N.G.C. | Messter Sanwene ae 
Long. | Lat. @ =90° |w=105°|w =120° |w =150° BCREE) 
km 
way Where ee 31 89°} —20°} — 316 | 20° DS WK | ORE 50 
EOSseiiec. 33 TOBM | —308 |) — 9 7Onln 22 30 35 55 We 
BOD Biche hail'e eictarns ts Hoh eon eee OO 29 20 21 42 9.7 
TOOS 5. ~<a 77 TAT e— 5 Oe cr 2OmlmO7, 60 55 i) 8.7 
BOS. thee Nee aes 158 | +40 | + 400 72 63 Wa 41 Q.2 
BOD Teas an 81 Iog | +42 | — 30 45 42 43 56 8.0 
ZAIN Ole ots tae hcts edo PRO = eyes |= ar \Kelexe) |e ania) 106 95 71 9.0 
RSV Oaeerec elo er ee 218 | +59 | + 810 | 108 102 04 79 Q.1 
ERIE cease emia, At 225) FA) 720) || ris 107 99 81 On3 
BOOS Ce wien 65 209 | +64 | + 800 | 102 96 go 77 8.9 
B00 Trai eee 66 21r | +64 | + 650 | 103 07 90 78 8.6 
DERE Sacnety chee, ereney es 118 | +76 | + 940 78 76 76 78 TOR 
AQeSe cerns eee 103 | +68 | + 500 |- 69 68 69 75 8.7 
AS2O acter seh ot a heeers te 2029-700) 12 5} OOmle LOG 107 105 07 I0.0 
ARSON cual Ai re eestls 215 | +88 | +1100] g1 gl 90 89 9.4 
ANA Se ehaye. alien cecreietst= 2678\0-1-52 || —-10so|) £28 126 121 106 Sin7; 
BOAG copes) 60 265 | +75 | +1090 | I05 104 | 102 96 8.6 
OL a: 04 76 | +86 | + 290] 86 86 87 89 eG 
AS 20 kote myst 64 295) =1-94 lea 150 |) 05 06 96 95 8.6 
BOOS Aes rane owns. =. 8 64 | +78 | + goo 79 81 83 89 OnE 
5055--.-+- 63 69 | +74 | + 450] 75 77 80 88 9.2 
sk ave Ses nc crea 51 Goal 75 eee 7 O 72 75 78 87 8.4 
COE ae eee 83 283 \"=-32 | S- 500) |) 147 148 I45 126 9.5 
SOO ae sacle Sines 50. || +52) | + 650: || 58 65 73 QI 10.3 
3 eerste et ity eversty ape 62 | —22/] + 500] 35 47 61 88 9.3 


1. Since the greater number of bright spirals are north of the 
galactic plane and their positions are more favorable for northern 
observers, only five negative galactic latitudes appear in Table V. 
To these should be added that of N.G.C. 1700, for which Sanford 
estimates a large positive velocity, though, in the absence of a 
definite numerical value, it is not included in the table. Only one 
of the twenty velocities for spirals north of the plane is negative, 
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while two of the spirals on the south side are approaching. But the 
three negative values depend, as we shall see, on low galactic lati- 
tude and high apparent brightness rather than on the sign of the 
latitude, and hence we conclude that essentially without exception, 
on both sides of the Galaxy, spiral nebulae recede. 

2. The speed of spiral nebulae is dependent to some extent upon 
apparent brightness, indicating a relation of speed to distance or, 
possibly, to mass. The six spirals with smallest radial velocity, 
including all of those with negative values, are not exceeded in 
brightness by any spirals in Holetschek’s list of visual magnitudes :* 


ING Gres Bs ss LS 224 598 4736 3031 5194 4826 
Integrated magnitude 5.0 Gis Rol 8.0 8.4 8.6 
Radial velocity...... —316 " —7O +2090 —30 +270 +150km 


The arithmetical mean of these six velocities is +188 km/sec.; 
their algebraic mean is +49 km/sec., while for the other 19 spirals 
of Table V it is fifteen times as large—that is, +726 km/sec. Only 
three spirals besides these six bright ones are now known to have 
radial velocities of less than +500 km/sec. 

3. Forming means of five in order of galactic latitude, we derive 
from Table V the first two lines of the following tabulation, which 
indicate that speed may be related to angular distance from the 
galactic equator: 


Mean galactic latitude, B,.... 24° 4° 50° 72° 82° 
Mean radial velocity, Vr...... +183 +548 +834 +578 -+676km 
Ve=Vp COSEC Rint es +450 +775 +975 +610 +680km 


If we should assume that the motion is wholly perpendicular to the 
galactic plane, the mean velocities would be as given in the last 
tabulated line above. 

4. The correlation of velocity and the latitude co-ordinate, 
although not very definite, may be of some significance for theories 
of the spiral nebulae; but, guided by the provisional hypothesis 
described in Section VIII of this paper, we find some evidence 
of a more striking relation between the velocities of spirals and 
a new position co-ordinate. Let \ and 6 denote the galactic 

*Annalen der k.k. Universitats-Sternwarte in Wien, 20, 114, 1917. N.G.C. 4826 
is equaled in brightness by two other spirals, according to Holetschek’s estimates. 
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co-ordinates of any spiral, and w the longitude of an origin on the 
galactic circle. Then the angular distance, 0, of the spiral from 
this origin is given by 

cos @=cos B cos (A—w) (1) 
In the last four columns of Table V we give for each spiral the values 
of 6 for w=g0°, 105°, 120°, 150°. The angle @ may lie between 
o° and 180°, and at the galactic poles is 90°; in the table, however, 
no value of @ is less than 20° because of the avoidance of the Milky 
Way by spiral nebulae, and few values exceed 120° because the 
most southern nebulae have not been observed for velocity. 


TABLE VI 


THE PROGRESSION OF THE MEAN VELOCITY OF SPIRAL NEBULAE WITH DISTANCE 
FROM THE GALACTIC APEX 


@ =90° w=105° @ =120° 
INTERVAL | : 
~ Mean @ |Mean Ve Number} Mean @ |Mean V,|Number| Mean @ |Mean Ve Number 

ies Cs ie A) ed EN es ia i) a 34° | — 29) 4 
igh ier denne 69 +565 6 66 +588 5 62 +634 5 
76 —I00 .. 86 +676 5 88 +660 8 88 +641 12 
IOI -125 ..| 109 +751 Fj 105 +762 5 109 +950 3 
SH eee) ete +840 2 £37, +840 2 145 +500 I 


For the first three values of w the progression of the observed 
radial velocity of spirals, V,, with increasing 6 is shown in Table VI 
for equal intervals of 6. The interval for 6 less than 50° contains 
in all cases the three bright nebulae with negative radial velocities, 
and the mean V, is correspondingly affected. The correlation, if 
real, is about equally definite for #=g0° and w=105°. Its mean- 
ing would be that, regardless of galactic latitude, the average radial 
velocity of spiral nebulae increases with the angular distance from 
a point in the northern Milky Way—a point which, in anticipation 
of an explanation proposed in Section VIII, we may call the galactic 
apex. 

In these progressions we have a suggestion that average radial 
velocity may be roughly predicted from position; but before this 
relation can be definitely established from spectroscopic results 
alone, we must have more data, for the wide range of peculiar 
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velocity in Table V is inadequately reflected by the means of 
Table VI. Other groupings could alter or even conceal the uniform 
progression of mean velocities. 

If we omit the two brightest nebulae for the sake of greater 
homogeneity (see p. 20) and combine the others into four groups 
in order of increasing 6, we obtain for w=105°: 


Mean Oatrtiwnseteinn 46° 14° 95° 116° 
MéaniV pontoons Sterrtos +458 +618 +633 +780km; (2) 
Number of spirals. .... 5 6 6 6 


5. On the basis of this more homogeneous material we may make 
the following computation, which is perhaps to be considered more 
as an interesting illustration than as an approach to definite cosmic 
fact. Let V, be the average systematic recessional velocity of 
spiral nebulae in the line of sight, and let V, be a quantity which 
we may call the velocity of the galactic system toward \=105°, 
B=o. , Then 

V,—V, cos 0=V, (3) 
and from the values of @ and V, in (2) we obtain, provisionally, 
V,=+650 km/sec. 

V,=+300 km/sec.? (4) 

Employing these provisional values of V, and V,, and setting 
up conditional equations of the form (3) for each of the 23 spirals 
in the tabulation (2), we derive the following normal equations: 

23AV,;—1.96AV,—120=0 
—1.96AV,+4.34AV,+ 80=0 


The solution gives for corrections to (4), AV,=+8 km/sec., 
AV,=+17km/sec. The adopted values with their probable errors - 
are 

V,=+660+ 45 km/sec. 
V,=+320+100 km/sec. 


The average difference between an observed velocity and that 
computed by putting the foregoing values in formula (3) is + 240 
* By assuming Vg=+300 km/sec., the mean value of Vs derived from all the 


material of Table VI is +635 km/sec. for w=105°, in close agreement with the result 
above. 
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km/sec., a quantity that is to be taken as representing, not obser- 
vational errors, but rather the peculiar velocities of spirals. 

From the above result we infer that one way of accounting for 
the observed increase of avérage V, with distance from the so-called 
galactic apex is by assuming that the galactic system moves toward 
longitude 105°, approximately, with a velocity of some three 
hundred kilometers a second, while the spirals of the brightness 
here involved recede with an average systematic radial velocity of 
six or seven hundred kilometers a second.? 

6. If we should assume that the average systematic motion is 
perpendicular to the galactic plane, rather than radial from the 
center of the galactic system, or radial from the sun as is observed 
and assumed above, then we would have for this perpendicular 
velocity, 

V,=(V,—V, cos @) cosec B 


and a solution of the four mean observational equations derivable 
from (2) gives, provisionally, 


Vp=+775 km/sec., V,=+140 km/sec. 


The least-squares solution of the 23 conditional equations then leads 
to the following results: 

Vp>=+765+= 55 km/sec. 

V,=+110+ 100 km/sec. 


and the average value of O—Cis +250km/sec. The probable errors 
give little choice between assumptions involving radial and perpen- 
dicular systematic motion, but the conception of radial motion is 
distinctly preferable from the standpoint of physical probability. 

When sufficient data become available, not only should V, and 
V, (or V,) enter the computations, but also the co-ordinates of the 
origin of 6. 

t Following the procedure commonly used to determine the apex of the solar 
motion, Truman, Young and Harper, and Slipher have computed from the radial 
velocities of spirals a motion of the galactic system toward a rather vaguely defined 
southern apex; but they have assumed, explicitly, a random peculiar motion for spiral 
nebulae and, implicitly, the “island universe” hypothesis. Their result is an obvious 
consequence of the preferential recession and of the absence of spirals of known 
velocity from the southern sky. 
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7. From the present evidence we see that there is a magni- 
tude effect for the very brightest objects; in addition the observed 
velocities of spirals may be divided into three parts, the first two 
of which appear to be very definite: (a) a systematic radial reces- 
sion of more than 600 km/sec., which is increased by one-sixth if 
the systematic motion is assumed to be perpendicular to the galac- 
tic plane; (0) the peculiar velocities, which average about + 250 km 
and are represented by the deviations from the means and formulae; 
(c) a component of the radial velocity whose effect decreases on the 
average with distance from the “galactic apex,” and which may be 
interpreted as a drift of the whole galactic system with respect to 
the brighter spiral nebulae. This last component is the least definite, 
quantitatively, but on the other hand we shall see that its existence 
seems to be affirmed by the distribution of spirals, and by other 
considerations discussed in the last part of Section VIII. 


The apparent distribution of spiral nebulae appears to be sufh- 
ciently known for a general statement, though much remains to be 
done in extending the recent work of Hardcastle, Fath, Sanford, 
and Curtis. That the spirals approach nearest to the Milky Way 
in two hours of right ascension (w= 100°) has been noted by Hinks, 
Stratonoff, and others. Globular clusters are wholly absent 
from that region, and it is very significant that in the opposite 
region of the sky, where globular clusters and clouds of stars most 
abound, the avoidance of the Milky Way by spirals reaches its 
maximum." 

Thus the region avoided, at least by the brighter spirals, is 
roughly defined by a wedge, symmetrical in relation to the galactic 
plane, with its base in the general direction now adopted as the 
center of the galactic system. A wedge-shaped arrangement 
(analogous to the wedge-shaped avoidance by spirals) has been 
pointed out for globular clusters in Section III of this paper, but 
the base of the wedge lies in a direction approximately opposite to 
the direction of the center. 


*See the diagrams by Hardcastle and Hinks (Monthly Notices, 74, 699, 1914) and 
the bibliography and discussion by Sanford (Lick Observatory Bulletins, 9, 82, 1917). 
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There is, accordingly, in the contrasted distribution of spirals 
and globular clusters, as well as in the opposing directions of their 
motions, an indication that the compelling forces act in opposite 
directions. 


Vill. DATA AND INFERENCES FOR A PROVISIONAL COSMOGONY 


The observational results discussed in the foregoing sections of 
the present contribution and in the thirteen preceding papers of 
this series permit the statement of five of the conditions that must 
be considered in attempting to account for the origin of the galactic 
system and its present relation to clusters and spiral nebulae: (1) 
the similarity of globular clusters in dimensions and content; 
(2) the complementary distribution of open and globular clusters; 
(3) the existence of thousands of suborganizations in the galactic 
system; (4) the contrasted distribution of spiral nebulae and glob- 
ular clusters; and (5) the opposed directions of preferential radial 
motion for spirals and clusters. 

In the following paragraphs we offer a brief summary of the 
observational data bearing on each of these five conditions, and a 
suggestion as to the general interpretation of the evidence. 

t. The parallax-diameter curves in Mount Wilson Contributions 
No. 152 and in Section V of this paper indicate that with few excep- 
tions globular clusters have approximately the same linear diame- 
ters. Observations of (a) the integrated light of clusters, (b) their 
general luminosity-curves, and (c) the phenomena of color and 
absolute magnitude of their giant stars show also that the stellar 
content is much the same from system to system. 

2. For globular clusters the frequency-curve of galactic latitudes 
has a distinct minimum at the galactic plane, whereas the corre- 
sponding curve for open clusters shows a pronounced maximum 
in low latitudes (Figs. 1 and 2 of this paper). The evidence 
suggests that the two kinds of clusters occupy regions of space 
that are mutually exclusive (Sections I and III of this paper). 
There is some indication that a transition from one kind to the 
other occurs along the outskirts of the equatorial galactic segment. 

3. Numerous conditions suggest that the Galaxy is a hetero- 
geneous assemblage of unequally organized parts. The remarkably 
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wide pairs of stars of common motion, the local moving groups, the 
open clusters, the clouds of the Milky Way, the star-streams*—all 
these combinations indicate that the galactic system may be largely 
composed of disintegrating clusters. The testimony of the distri- 
bution and radial motion of globular clusters indirectly supports 
this view, and suggests further that the system is now growing 
and has gradually grown throughout the past from a much less 
complicated state. 

4. While both globular clusters and spiral nebulae appear to be 
mainly if not wholly outside the equatorial galactic segment, they 
occur in general in different parts of the sky. In the Southern 
Hemisphere the globular clusters crowd in close to the Milky Way 
and the bright spirals widely avoid it; in the Northern Hemisphere 
the spirals approach their nearest to the galactic circle and globular 
clusters are almost wholly absent.? 

5. Globular clusters as a class appear to be rapidly approaching 
the galactic system; spiral nebulae as a class are receding with high 
velocities. The relation of the velocities of spirals to brightness and 
to position in the sky has been dealt with above in Section VII. 
Some of the reasons for not considering spiral nebulae to be separate 
galactic systems have been outlined in the introduction to the 
twelfth paper of this series. For the present we shall accept that 
the distances of globular clusters and spirals are of the same order, 
and that, with the possible exception of a few of the very brightest, 
none is within mid-galactic stellar regions. 


The foregoing conditions, when considered in connection with 
previously accepted stellar and nebular results, suggest as a pre- 
liminary hypothesis that the discoidal galactic system originated 


* Accepting the evidence presented in Mt. Wilson Contr. No. 157 (see also 
the ninth section of this contribution) bearing on the existence of a local cluster 
we note that from material now available the circum-solar cluster appears to be both 
larger and more oblate than typical open or globular systems; it seems to be more 
like the Magellanic Clouds in dimensions. Possibly before it became a member of the 
galactic system it represented the discoidal combination of several smaller clusters, 
the residual nuclei of which are still shown in the Orion, Perseus, and Scorpio- 
Centaurus groups of B stars. 


? See the last three paragraphs of Section VII of this paper. 
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from the combination of spheroidal star clusters and has long been 
growing into its present enormous size at their expense. The evi- 
dence further suggests that the galactic system now moves as a 
whole through space, driving the spiral nebulae before it and 
absorbing and disintegrating isolated stellar groups. Apparently 
the suggested interpretation requires that two types of sidereal 
organization prevail generally throughout extra-galactic space: 
spiral nebulae, and stars of known types assembled for the most 
part into globular clusters;' and while the globular clusters now 
known are, at least potentially, members of the galactic system, the 
spirals are not members, rather being general inhabitants of extra- 
galactic space. The hypothesis demands that gravitation be the 
ruling power of stars and star clusters,? and that a repulsive force, 
radiation pressure or an equivalent, predominate in the resultant 
behavior of spiral nebulae. 


1 The apparent limitation of the size and mass of a globular cluster (the first of 
the five conditions) suggests, for example, the narrow range in masses of stars, for 
which the limiting factor, according to Eddington’s theory, is the balance of attractive 
and dispersive forces. Judging by the galactic system, and perhaps by the local 
cluster and the Magellanic Clouds, the discoidal form permits a greater mass; and 
if, as seems likely, the Magellanic Clouds recently passed through the galactic system 
(cf. p. 12, n. 1, of the twelfth paper) a stellar discoid possibly shows much greater 
stability than is possessed by the compact spheroidal distribution. 


2 Jeans has considered mathematically the effect of the encounter of two clusters, 
showing the transformation from the globular to the oblate form (Monthly Notices, 
76, 552, 1916). His analysis may direct the way to an understanding of the beginning 
of a flattened stellar system of growing mass. 

If such a growth be theoretically possible, we may suppose that at first the com- 
bination of separate clusters would proceed very slowly to the formation of composite 
systems of increasing mass, the galactic system that finally results representing an 
advanced stage in the survival of the most massive and stable. Once an enormous 
mass had been acquired, subsequent accretions would be numerous and almost 
inevitable if ordinary unit spheroidal clusters were encountered rather than growing 
discoids of multiple mass. The distinctly limited galactic star clouds, some of which 
are not mid-galactic, and the rapidly receding Magellanic Clouds as well, might repre- 
sent partially assimilated and controlled systems of greater mass. Undoubtedly some 
globular clusters would merely describe orbits around the growing Galaxy and outside 
the limits of the system would cross the galactic plane, but our observations do not show 
them; it may be the true “orbital” clusters are constrained to keep far from the galac- 
tic system, all near approaches ending in disorganization. (Compare the tentative 
hypothesis sketched in the seventh section of Mt. Wilson Contr. No. 147, 1918.) 
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Relative to spiral nebulae, two additional conditions that seem 
not to have been considered heretofore may be pointed out as sig- 
nificant in connection with the proposed hypothesis. 

a) In the midst of a field of stars the effect of repulsive forces 
would be largely nullified by the symmetrical distribution of the 
sources of repulsion (assumed to be the stars); above or below a 
discoidal stellar field the action is of course wholly one-sided. 

b) The extremely high velocities of recession indicate that, if 
the galactic system had remained stationary, most of the brighter 
spirals would have been among the stars in low galactic latitudes 
within recent cosmic times, for instance within the last twenty 
million years. That scarcely any spiral (on either side of the 
galactic plane) is approaching or is now among the stars in low 
galactic latitudes, not only suggests that a repulsive force is pre- 
dominant, but also indicates either (1) a movement of the entire 
Galaxy through space or (2) recently accelerated motions of spirals, 
or (3) distances enormously greater than now seem at all probable. 

The last supposition, though extending the time alloted, would 
not remove the difficulty of accounting for the absence of spirals 
from the equatorial segment at the present time. For example, 
four bright spirals in high galactic latitude are receding with a 
velocity in excess of 1/300 that of light. Suppose they are as much 
as two million light-years away—ten times the distance of the 
remotest globular cluster known. Then, with constant velocities 
throughout the past, they would have been at the galactic plane 
less than 600 million years ago—an interval of time so short in the 
life-history of a stellar system that in the case of the sun, for 
instance, it has not sufficed to show an appreciable change in 
radiation." 

It is more in keeping, however, with observations of apparent 
rotation, and with the luminosity of novae in spirals, to divide by 
one hundred the distance supposed above. Only a few million 
years are therefore involved in the problem, and it seems all the 
more necessary to accept, in view of the observed distribution and 
radial motion, either (1) that the Galaxy is moving or (2) that the 
velocities have been rapidly developed. The suggestion (2) that 

* Publications of the Astronomical Society of the Pacific, 30, 283, 1918. 
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the position of the Galaxy has remained stationary while the 
velocities of spirals have but recently become large, does not com- 
mend itself for various reasons, including the consequent necessity 
of seeking the origin of spirals in the galactic regions where now they 
are not observed. 

The remarkable progression of average velocity with distance 
from the “galactic apex,” discussed in Section VII of this paper, 
is also simply explained by assuming that the galactic system moves 
in the direction and with the velocity required by these phenomena 
of distribution and motion. We conclude, therefore, that the most 
plausible interpretation of the present arrangement and motions 
of the brighter spirals implies repulsion by the moving discoidal 
galactic system;' but we keep in mind the alternative hypotheses. 


Ix. NOTE RELATIVE TO THE MORE DISTANT B STARS OF THE 
LOCAL SYSTEM 


The stars of spectral type B, because of their relatively small 
dispersion in absolute magnitude and their tendency to clustering 
and to community motion, are particularly valuable in studying the 
form and position of the local star cluster whose existence and gen- 
eral properties have been discussed provisionally in the last part of 


t Ts it possible that the spirals represent the failure to form stars from the original 
condensing nebulosity through the presence of too much material? According to 
Eddington’s theory of the structure of a giant star (Monthly Notices, 77, 16, 596, 1917), 
the pressure of radiation nearly counterbalances gravitation if the condensing gaseous 
mass exceeds some 1035 grams. A mass 100 times that of the sun would incompletely 
condense, possibly with the result of a diffuse pseudo-stellar nucleus, grading off into 
the extensive, low-density envelopes of gas that are unable to fall into the center 
because of the balance of radiation. Such a body would not readily disintegrate 
(since the ratio of radiation pressure to gravitation cannot exceed unity), but would 
present to external repulsive forces a surface relatively large for the mass involved, 
and composed, it may be, of particles of molecular dimensions peculiarly susceptible 
to the pressure of such radiation as is emitted by the stars. The existence of powerful 
electrical fields in spiral nebulae would clarify the problem, and already Slipher has 
suggested (Lowell Observatory Bulletin, No. 80, 1917) that such may occur in Messier 77 
and Messier 1. Spirals of greatest mass or density would be least repelled by the 
galactic system, and if their individual velocities directed them toward a radiant 
source they might not be easily turned aside. In his study of the rdle of rotation 
in cosmogony Jeans has shown the probable development of spiral arms when the 
condensing body greatly exceeds the sun in mass (Monthly Notices, 77, 186, 1917; 
Scientia, 24, 270, 1918). 
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the twelfth paper of this series. Although the overwhelming 
majority of brighter B stars treated in Mount Wilson Contributions 
No. 157 belong to the cluster, a few appear from the evidence of 
space positions to be field stars, in corroboration of Kapteyn’s result 
that occasionally B stars are found in the Second Stream.* 

It has frequently been assumed, mainly on the basis of an 
extrapolation, that all B-type stars are included in the earlier cata- 
logues of spectra—that fainter than the seventh or eighth visual 
magnitude no stars of that class of spectrum would be found. Such 
a condition would place a sharp limit to the extent of the local 
cluster, assuming it to be outlined by stars of type B. Extremely 
faint and distant blue stars, however, have been found in the galac- 


The complete identification of the local cluster with Stream I involves some 
difficulties that were not sufficiently appreciated when the earlier paper was written. 
The two most important obstacles in the way of the suggested interpretation, which 
made star-streaming simply the result of uniform motion of the local cluster through the 
galactic field, appear to be the high relative velocity of the two streams and the 
probably different stream velocities for different spectral types. There seems to be 
no doubt of the existence of a definitely organized local cluster, and it certainly contains 
practically all of the brighter B stars. Kapteyn’s studies also leave little doubt that 
the B stars as a whole, and therefore this cluster, move toward an apex approximately 
the same as the apex of the first stream as determined from stars of other types. The 
moving cluster must give rise to a true stream-motion. It happens that the position 
of the sun with respect to the local cluster’s center (the direction of which is shown 
by F-G-K stars as well as by the B’s) is such that we may have, in addition to and 
hardly distinguishable in direction from the true stream-motion, a pseudo-stream- 
motion due to internal circulation (according to Strémberg’s suggestion, for instance). 

These two possible sources of the observed preferential drift of stars were rec- 
ognized from the first, but in the provisional discussion the internal motion was 
considered relatively of minor importance. Now it appears that the two difficulties 
mentioned above, and other minor ones, may be avoided if necessary by inverting 
the relative importance of the two sources of stream-motion. The cluster accordingly 
contains not only all the stars of Stream I but a considerable part of those of Stream II, 
and the cluster’s direction and speed of motion are best measured by the mean drift 
of the early B stars. The average internal velocity may of course vary with spectral 
type without disrupting the cluster. Professor Eddington suggests in a letter that 
the field should probably be identified with Halm’s O-stream, which contains a great 
many second-type stars formerly assigned to the first and second streams. 

The modified view sacrifices little of the simplicity of the former statement and 
at the same time uses in a rational manner the large local cluster, whose existence must 
play an important part in the problem of star-streaming. Except in this matter of 
motion and content, none of the earlier conclusions referring to the local cluster 
appears to require appreciable modification. 
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tic clouds far beyond the limits of the local cluster, and the data 
given below show that Class B is also represented in considerable 
numbers among stars from the seventh to the tenth apparent 
magnitude. 

The first volume of the Henry Draper Catalogue,’ which covers 
the first four hours of right ascension, contains nearly 26,000 
stars, of which 832 belong to Class B. It contains 600 B stars 
fainter than the seventh magnitude, corresponding to about 3 
per cent of the total for all types. For the naked-eye stars over 
the whole sky the percentage is of course much larger, and, because 
of the galactic concentration of B stars, it will likely be larger also 
for the faint stars in those instalments of the new catalogue that 
include larger portions of the Milky Way. Practically all the 
B stars of this first volume are in Cassiopeia and Perseus. 

Stars of the subdivisions B8 and Bog are generally discussed in 
connection with A-type stars. In the present note we shall only 
call attention to the following tabulation of the total number of 
such stars brighter than successive half-magnitude limits: 
Visualimagnitude.4.5) 5-0 5-5. 6:0) 6.5 7207.5) 8-0: 835) 0.0) O25 
MiGtALINGastarscme me 7h) Ly 6S2)) SO LOSMAT SON 2s Same 17ierA 3 Olme5 G/7ismms Oi 
PRION err cere oes AOS Bikey Bae, Moe ORG AO ise) Woh ae 7h8 


The ratio N,,+,/N in the last line shows the decrease of density 
with distance. 

The numbers of stars in the first five divisions of Class B are 
shown for different intervals of visual magnitude in Table VII. 
The limit to which the catalogue is complete is not specifically 
stated, but is probably in the neighborhood of visual magnitude 8.5. 
The 38 B stars with undetermined subdivision are more likely to 
belong in this table than with the stars of types B8 and Bo. 

Evidence discussed below indicates that the mean absolute mag- 
nitudes may be accepted as the same for all these faint stars as for 
the brighter B’s, whose motions and parallaxes have led to the 
evaluation of their average intrinsic luminosities. Table VII indi- 
cates, therefore, that B stars are found continuously to a distance 
of possibly 1000 parsecs in the direction of Perseus and Cassiopeia. 


t Harvard Annals, 91, 1918. 
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TABLE VII 


NumBers or B-Typr Stars 1n Harvard Annals, 9% 


Visual Magnitude 
Spectral Type Total 
<7.0 |7.0—7.5 |7.5—8.0 |8.0—8.5 |8.5—9.0|9.0—-9.5| >9.5 

Bo.. 6 3 2 2 3 2 ° 18 
Bison satese ss 4 2 I ° I ° fo) 8 
BO Seracsoncaancnss 7 I 5 5 af fo) fo) 25 
BS Maat cemosn ae 26 ier) if 5 of I 2 59 
Big atettoiions oayanste 35 9 5 II 4 2 3 69 

feed RSH MIN 78 26 20 23 22 5 & 179 
Undefined B.... fo) ° 4 12 Io 4 


XS 


Table VIII affords evidence that the 101 stars fainter than the 
seventh magnitude and of spectral types Bo-—B5 are possibly in 
large part members of the local cluster. The galactic latitudes, 
derived graphically from charts prepared by Kapteyn, are tabulated 
in order of decreasing brightness, the horizontal lines in each column 
marking the magnitude intervals of Table VII. All stars in the 
table are north of the celestial equator except the eight with galactic 
latitudes in excess of 41°. 

With respect to the galactic plane, the descending node of the 
central plane of the local cluster is in galactic longitude 70°, approxi- 
mately, as is clearly shown by Fig. 4 of Mount Wilson Contributions 
No. 157. The galactic longitudes of the stars involved in 
Table VIII are almost exclusively between 85° and 130°, and, 
therefore, if they belong to the cluster rather than to the general 
galactic field, their latitudes should be predominantly negative. 
This is seen to be the case, and in fact we are led to believe that 
most stars of types Bo, B1, B2, brighter than the tenth magnitude, 
may be members of the local system. 

The area of the sky between right ascension o* and 4» is mainly 
in the southern galactic hemisphere. Hence, for a fair comparison 
of the number of stars in positive and negative galactic latitudes, 
we should consider only a narrow belt along the galactic circle— 
the region within @<s5°, for instance. We have then the follow- 
ing indication that the distribution of the early B-type stars of 
Table VIII may have little or nothing to do with the galactic 


338 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 


33 
TABLE VIII 
Gatactic LatirupEs oF B-Type Stars FAINTER THAN MAGNITUDE 7 

Bo Br B2 - B3 Bs 
+8° —4° + 2° —e 3c o° ders foo — 6° 
= | ee aoe ="4 4 + 2 pF. 
=iee —" Se +10 2 as — 4 
+6 —4 + 1 —21 2 — 5 —4 
a2 as — 50 Serene 2 a6 
=x 50 = 3 3 — 23 ap 
—4 2 = @ 5 $2 + 4 
—2 73 2 42 aa) qF § 
—4 ale =r 5 ae — 5 
—3 — 5 iG) 2 =—i2 —64 
—4 — 5 Ss 4 ato = ¢ 
—2 = a + 2 5 1.0 —4 
=i 5 + 2 4 met —63 
—19 ar © 4 25 — 5 
| —4 — 3 6 —46 —s4 
= 4 —54 ne = 

— 5 —16 ae oe 
| — 5 qe 2 ae & 


plane—rather, these stars appear to be condensed to a circle that in 
this region of the sky is three or four degrees south of the galactic 
circle: 


DECCEUUM ca tae eae areeeeariie ances Bom bie > 20 bon DS boa bs 
Rend ee of ctare B negative.... 8 4 12 18 10 52 
B positive.... I ° 2 4 W 14 


The maximum frequency of the galactic latitudes for the ror 
faint stars of types Bo-Bs is about —4° according to the following 
tabulation, which is based on Table VIII: 


B ero oS 476 SA 3 te 1,0 1-2" 

No. of stars 1 2 4 B 7 5 II 
—3,~4 mee Soy pita —=O15-- 50) Sidi rats co eel =a, 

No. of stars 28 19 2 I 4 ° 14 


It is easy to show that the dip of the equatorial circle of the cluster, 
due to the sun’s position to the north of its central plane, is less than 
—1° for stars at the mean distance of those concerned above. 
Allowing for the dip, and assuming that in the mean these 
B-type stars are about 25° from the descending node, we may make 
a rough determination of the angle between the central plane of 


339 


34 HARLOW SHAPLEY AND MARTHA B. SHAPLEY 


the local cluster and that of the Galaxy. The result is 8°, in fair 
agreement with the earlier value of 12°, but naturally of much 
lower weight. Accordingly, we may conclude, as previously as- 
sumed, that the existence and inclination of the local cluster does 
not depend upon the accidental positions of a few groups of brighter 
B stars. 

The most significant feature of the preceding tabulation, how- 
ever, is the high concentration to the central plane. More than 
half of all these stars fall into the interval of latitude —2° to —6°, 
and three-fourths of the Bo, B1, B2 stars are within those limits. 
For B-type stars brighter than those considered here the disper- 
sion is decidedly greater, both in this part of the sky and in general. 

Three interesting conclusions may be drawn from the above 
result: (1) The failure to find the fainter B stars heretofore may 
be due to the extremely narrow belts within which they are to be 
found—one belt, moreover, apparently standing well out of the 
lowest galactic latitudes for regions of small declination. (2) The 
local cluster is exceedingly flat, at least as far as the B-type stars 
are concerned. It may be more than five times as extended in its 
plane as at right angles. Table VIII shows how infrequent are the 
faint B stars in high galactic latitudes. (3) The greatly increased 
concentration for the fainter stars may be taken as proof that these 
objects, rather than peculiar B stars of abnormally low intrinsic 
brightness, are normal stars at a greater distance from the sun. 

The completion of the Henry Draper Catalogue will afford a 
good basis for testing and extending the results outlined above.t 
With data for the whole sky we shall be able to define more accu- 
rately the position of the local cluster in the galactic system and 
perhaps determine its form completely. 


Mount WILSON SOLAR OBSERVATORY 
November 1918 


* Note added to proof: Data derived from the second instalment of the Henry 
Draper Catalogue fully verifies the existence of a secondary galaxy as outlined by 
early B-type stars. The faintest B’s, however, show a decided preference for the 
primary galaxy, in contrast to the stars discussed above. Possibly a branching of 
the main Milky Way stream in Perseus and Cassiopeia, or the wide extent of the 
open clusters in Perseus, is largely responsible for the great preponderance of nega- 
tive latitudes in the foregoing discussion; and accordingly these faint B’s may be 
only in part members of the local cluster. 
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DISCUSSION OF SOME EVIDENCE ON THE ORIGIN OF 
RADIATION IN THE TUBE-RESISTANCE FURNACE 


By ARTHUR S. KING 


In two recent papers' which give his very interesting observa- 
tions with the tube-resistance furnace, Dr. Hemsalech has reached 
some conclusions based on evidence which is not in agreement with 
experimental results obtained by the writer. In the interest of a 
proper correlation of all available data, so that we may the sooner 
see what conclusions may be safely drawn, a brief account of these 
points of difference will be given. 

Dr. Hemsalech, in observing the iron spectrum produced in a 
carbon-resistance tube at atmospheric pressure, did not find certain 
lines, notably the group near \ 4900 which is strong in the arc, until 
his furnace reached a temperature of about 2500°C. At this 
temperature he considers that the strong ionization known to take 
place within the tube, together with the potential difference of a few 
volts at its extremities, give a conduction of electricity through the 
vapor equivalent to a low-tension arc, and that lines of this type re- 
quire such an electrical condition for their production in the furnace. 

The effect of the ionized state within the tube on the radiation 
of the inclosed vapor is a matter which needs full investigation; but 
sufficient data on the electrical side are not yet available to justify 
the conclusion that the inclosed vapor carries a considerable part 
of the current, as compared with the highly conducting graphite 
tube, under the conditions which I have found to give spectra 
favorable for examination. In a former contribution? I reported 
some observations in which I repeated the experiments of Harker 
and Kaye? on the ionization current between exploring electrodes 
and then measured the resistance between insulated electrodes 

t Philosophical Magazine (6), 36, 209, 281, 1918. 

2 Cantributions from the Mount Wilson Observatory, No. 73; Astrophysical Journal, 


38, 315, 1913. 
3 Proceedings of the Royal Society, 86A, 379, 1912. 
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placed within the tube as compared with that of the tube itself, 
titanium vapor at 2600° C. being present. The results showed the 
resistance of the vapor to be relatively high. 

Aside from the question as to how nearly the furnace at high 
temperature approaches a low-tension arc, the high-temperature 
iron lines referred to by Dr. Hemsalech have been obtained by me 
at temperatures much below those at which he considers that the 
electrical conductivity of the vapor becomes important. In my 
paper’ on the furnace spectrum of iron all of the lines of the A 4900 
group are recorded as appearing with fair intensity at temperatures 
between 2100° and 2300", while the two strongest were perceptible 
at a temperature between 1800° and 1go00°. Since the publication 
of that paper I have occasionally photographed the iron spectrum 
under the more favorable conditions of improved furnace construc- 
tion and the use of the 15-ft. concave grating spectrograph, the first 
order of which gives very bright spectra with a dispersion of 1 mm = 
3.7A. The group at \ 4900 proved more sensitive than the former 
results indicated, the two strongest lines, \ 4921 and A 4958, being 
visible at 1650° with an exposure of 110 min., while the entire 
group, including the weaker components of the doublets, was well 
developed at 2000° with an exposure of 15 min. In fact the later 
experiments have shown that the classification which I have adopted 
does not require temperatures which Dr. Hemsalech regards as 
giving a low-tension arc. Iron lines of Classes I, II, and III may 
be classified according to their behavior at 1700° and 2000°, while 
2350, in conjunction with the arc intensities, serves to place the 
lines of Classes IV and V. This latter temperature was used as 
the high-temperature stage in a study of the ultra-violet portion 
of the iron spectrum now being completed. Higher temperatures 
increase the width of reversals and may bring out a very few extra 
lines, but they soon give difficulty on account of the stronger con- 
tinuous ground, the emission of which finally balances the emission 
of most of the metallic lines, while the more reversible ones appear 
in absorption. 

As the furnace of Dr. Hemsalech was operated at atmospheric 
pressure, which might affect the vaporization point of iron, I have 

* Mt. Wilson Contr. No. 66; Astrophysical Journal, 37, 239, 1913. 
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made a series of tests with air present, but the differences between 
Dr. Hemsalech’s observations and mine are not to be ascribed to 
this feature. I obtained all of the lines of the \ 4900 group at 
atmospheric pressure, the teriperature not rising above 1850°. An 
interesting effect, however, was a much increased chemical action 
with air present. Iron, when fused in the furnace, forms a carbide 
in vacuum, which sticks to the tube but does not penetrate deeply. 
With air present this action was much stronger. The iron ate 
into the tube and, when the latter burned thin through long use, 
dropped through the wall in several places. The tube was used 
in air without protection other than being in the steel chamber, 
the window-holder of which was removed. When operated first 
in vacuum and then with air present the change to atmospheric 
pressure caused a temperature increase of from 50° to 100° with the 
same impressed voltage, though the thinning of the tube gave a 
lower average current. The iron spectrum was very bright, but 
the most notable difference relative to the vacuum spectrum was a 
high intensity of the more reversible lines. The cyanogen (nitro- 
gen ?) bands were strong at 1850°. 

Obviously it must be assumed that there is no large discrepancy 
between the temperature measurements of Dr. Hemsalech and the 
writer. The Wanner type of pyrometer was used in both cases, 
and with ordinary care this instrument, when properly adjusted 
with the standard lamp, and the current through the pyrometer 
lamp kept constant by means of a milammeter, gives very consistent 
readings. The extreme upper and lower temperatures measured 
by us were nearly the same, my photographs showing, like his, 
that a few iron lines are emitted at as low a temperature as 1500 C., 
the formation of the carbide evidently lowering the melting-point 
of iron. 

Dr. Hemsalech in his latest paper’ describes an experiment in 
which he avoids exposing the vapor to a potential difference by 
constructing a chamber resting on a graphite plate, the latter carry- 
ing the heating current. Judging from the drawing, the maximum 
temperature given by the hot plate was applied along only about 
one-seventh of the periphery of the four-sided chamber. The 


T Op. cit., Pp. 290. 
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fusion of both iron and copper in this inclosure failed to show a 
spectrum for either, and Dr. Hemsalech concludes from this that 
their line spectra are not to be excited by purely thermal means. 
Granting, however, that a potential difference was thus avoided, 
it would seem that if the temperature were high enough (pyrometer 
readings are not given) and the means of observation sufficient a 
large group of iron lines which are subject to thermo-chemical 
excitation should have appeared. This is the stimulus which 
Dr. Hemsalech believes produces the spectrum shown by the tube 
furnace up to 2500°, and there was full opportunity for the forma- 
tion of iron carbide and for chemical action resulting from the 
presence of oxygen. 

I must further call attention to two investigations in which 
furnaces, which seem to differ in no essential respect from this 
“hot plate’? furnace, produced line spectra. The first case was 
when the writer’ vaporized substances within a bored-out carbon 
placed horizontally and heated at its middle by an arc formed 
between the side of this carbon and a vertical electrode beneath. 
With this crude furnace, some twenty-eight lines of iron and three 
of copper were photographed. I may say in passing that the lines 
from the various elements studied in this furnace have corresponded 
fully with their low-temperature spectra when produced by the 
tube-resistance furnace at present in use. 

The second furnace of this type was constructed by Hale, 
Adams, and Gale’ in the course of their investigation of sun-spot 
spectra. A powerful arc passed between two horizontal carbons 
and heated the upper side of a carbon tube containing the sub- 
stance to be vaporized. The temperature inside the tube was 
probably below 2000°, as titanium could not be melted, but a fairly 
rich iron spectrum consisting of the low-temperature lines was pho- 
tographed in the green-yellow region. In both of these arc-heated 
furnaces a potential difference in the iron vapor is avoided. 

A third point in the last paper? by Dr. Hemsalech on which I 
wish to present additional data is the failure of his tube-resistance 

* Astrophysical Journal, 21, 236, 1905. 

? Mt. Wilson Contr. No. 11; Astrophysical Journal, 24, 185, 1906. 

3 Op. cit., p. 288. 


344 


TUBE-RESISTANCE FURNACE 5 


furnace to show the spectra of copper, silver, and zinc. He was 
unable to obtain any lines of these elements even at high tempera- 
ture and concludes that in addition to showing no spectroscopic 
reaction at moderate temperatures their vapors are so poorly con- 
ducting that they do not respond to the potential gradient when 
more highly heated. 

As to the appearance of copper lines in the furnace, I must again 
refer to my observations with the tube heated by an external arc. 
To obtain further data on the question raised by Dr. Hemsalech 
I have used copper and silver in the tube-resistance furnace and 
have photographed some of the stronger lines of each element, 
both in vacuum and at atmospheric pressure. The temperatures 
ranged from 2000° to 2150° and the spectrum was examined from 
d 3600 to 5800. With silver, AA 3682, 4055, 5209, 5466 appeared 
distinctly and with copper, not only AA 5106, 5700, 5782, observed 
previously with the external-arc furnace, but also \ 5153 and 
5218 were now photographed. Some strong arc lines in this 
region failed to appear in the furnace at the moderate temperature 
used, but these are mainly of diffuse structure, a type which in 
general requires higher temperature. The period of strong emis- 
sion is brief, the line \ 5106 of copper narrowing during a ten- 
minute exposure from a width of over an angstrom to a sharp 
maximum. This is readily explained by the behavior of the copper 
and silver, which, instead of sticking to the carbon and remaining 
in the hot portion, condense near the cool ends of the tube. This 
could be avoided by a spraying apparatus, giving a continuous 
supply. Zinc was not tried with this furnace, but in previous 
experiments I have found it to give the same trouble, forming 
filmy slag across the opening of the tube. 

Summarizing these experiments, it is seen that for the high- 
temperature lines of iron, for the production of the iron spectrum 
without a potential gradient, and for the spectra of copper and 
silver in the tube furnace, some feature of Dr. Hemsalech’s experi- 
ments has prevented the observation of spectrum lines which can 
nevertheless be produced under conditions which I believe invali- 
date the conclusions which he draws from his results. I make no 
plea for the existence of a purely thermal radiation, which I have 
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long maintained is not to be proved by means of the tube furnace; 
still a clear disproof of the possibility of producing spectra by this 
means is yet to be presented. Dr. Hemsalech’s work has done 
much to show the importance of possible chemical actions, and I 
believe this feature of the furnace radiation deserves to be taken 
into account at every point. But whatever processes of this 
nature may take place within the tube in any given experiment, 
they are controlled by the temperature, and according to present 
evidence it appears legitimate to employ the electric current to 
produce this temperature. 


Mount WILSON SOLAR OBSERVATORY 
November 19, 1918 
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THE MOTIONS IN SPACE OF SOME STARS OF HIGH 
RADIAL VELOCITY 


By WALTER S. ADAMS anp ALFRED H. JOY 


The determinations of radial velocity made at the Lick and 
Mount Wilson observatories during the past few years have added 
greatly to the number of stars known to have large velocities in the 
‘line of sight. Most of these stars have well-determined proper 
motions and for many of them parallaxes have been measured by 
numerous observers. The motions in space of these stars are of 
interest because of the velocities with which they move and the 
wide range in spectral type and absolute magnitude which is found 
among them. 

A list of all stars with radial velocities exceeding 80 km for which 
proper motions and parallaxes (derived either by the trigonometric 
or the spectroscopic method) are known is given in Table I. The 
stars are numbered consecutively, and the successive columns give 
the positions for 1goo, their apparent visual magnitudes, spectral 
types, proper motions and direction of proper motion, radial 
velocities, and radial velocities corrected for the solar motion. The 
latter are derived from the apex determined by Strémberg,* 
A,=270°9, Dox=+29°2, V»=21.5km. The apparent magnitudes 
are from Harvard determinations, the spectral types from Mount 
Wilson observations, and the proper motions have in most cases been 
taken from the catalogues of Boss and Porter.? The radial velocities 
are from the Lick and Mount Wilson determinations, the values 
being combined when the same star has been investigated at both 
observatories. 

The parallaxes of all of the stars in the list with the exception 
of five have been derived from the absolute magnitudes determined 
spectroscopically at Mount Wilson. Small systematic corrections 


I Mt. Wilson Contr. No. 144; Astrophysical Journal, 47, 7, 1918. 
2 Publications of the Cincinnati Observatory, No. 18, Parts 1-4, 1915-1918. 
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TABLE I 

No. Name a (1900) | & (1900) m Spec. BL v V Ve 
km km 

Decraerahners e« Andromedae 0b33m3 | +28°46'| 4.5 Gs 07336 | 222° — 84] — 81 
Beanie |» Cassiopeiae i 1.6 | +54 26] 5.3 G5 8700/1) ed Sie) O fale ee 
Birt Lalande 1966 T 353 40-Or os 7.9 Fs 0.638 8 —325 | —31 
OA ee ies Lalande 4855 2 32.6 | +30 24 | 7.2 F8 0.625 | 231 — 99 | —103 
ei eyeavonis Lalande 5761 3 2.5 | +25 58] 8.0 A3p 0.861 | 194 —144 | —I51 
GES 4 W.B. 3617 3 35-3| — 3 32| 7.2 | F6 0.745 | 107 +114 | + 90 
PRPs 3 CBeH 1366 4 8.6| +22 6] 8.9 | Fo 0.54 125 +3390 | +328 
Dineen Groom. 864 4 34.5 | +41 56 ve G2 0.690 | 127 +105 | + 99 
Osea Cordoba 55243 5 727 | —44 '50)| 9.2 G-K 8.75 131 +242 | +222 
TOR sane Lalande 9960 Mh eh wiles cee y |i eck Ks 0.721 78 + 86 | + 68 
fh eR | ¢?Orionis 5 31.4|/ +914] 4.4 G7 0.321 | 163 + 9090 | + 82 
eee Tle 6 Leporis 5 47.0 | —20 53] 3.9 G7 0.696 | 160 +99 | +- 78 
Genoa A.G.Berl. 1866 § 57.3 | +19 23 | 9.0 Fo 0.76 120 —190 | —204 
US ie weaine Boss 1511 5 59.2 | —26 17 512 K3p 0.104 24 +183 | +162 
TRA ssa 6 Can. Maj. 6 49.5 | —II 55 4.2 Ky 0.137 | 264 +o7|/+ 77 
EGR Eee ien Groom. 1281 7 8.4) +47 25 5.6 Go 0.184 | 168 + 88 | + 83 
iy abr aa Lalande 15290 7 47.2 | +30 55 | 8.2 F7 1.962 | 15 —242 | —251 
TS iio: Lalande 19821 to 6.3 | +24 15 | 8.5 G2 ©.414 | 279 + 81 | + 77 
EOLA Cree Lalande 21185 Io 57.9 | +36 38 7.6 Ma 4.779 | 187 — 87 | — 85 
BOE ch cared Groom. 1830 Ir 47.2 | +38 26| 6.5 G8 7.047 | 145 — 97 | — 92 
BE seas riod Lalande 23905 12 47.9 | —17 57 8.2 F3 0.877 | 159 +144 | +144 
ey Ee Lalande 27274 I4 54.2 | —21 36 oe i 0.785 | 229 +160 | +168 

A. Oe. 14318. TS; 5447 = F550; oe 3} 

Dae ies (ir Oe! t4a20 1s 4.7 | —1s 54 he G8 3.682 | 196 +300 | +310 
Beene Lalande 28607 I§ 37.7 | —10 36 Hes A2p 1.178 | 256 —170 | —1I57 
DAs ee ce A.G.Leid. 5734 | 16 11.4 | +32 24 | (8.3) | K4 0.035 | 145 —164 | —144 
DOS Or wars Boss 4188 16 22.3 | — 7 22 | Mb 0.176 | 168 + 097 | +112 
BIT Siete te te 2 2173 I7 25.2] — 0 59 5.9 G6 O.254 || ers — 8 | — 63 
Ch A Ser a W.B. 17bs14 17 290.0} +6 4) 8.6 Fs 0.623 | 311 —148 | —129 
2Oucn eee Barnard’s Star 17 53.0| + 4 28 9.7 Mb 10.27 356 —106 | — 87 
BObee ena 31 b Aquilae Ig 20.2 | +11 44] 5.2 G7 ©.961 49 — 98 | — 78 
BI Mad ante }a Vulpeculae Io 24.5 | +24 28! 4.6 Ma 0.170 | 227 — 86 | — 66 
BO ait en ake | Lalande 37120 Ig 29.7 | +32 59 | 6.6 Fo ©.517 | 204 ~—162 | —142 
BB ron. A. Oe. 20452 2017.7 | —21 40| 8.1 Fs 1.182 | 154 —179 | —168 
BA lvoe car n Cephei 20 43.3 | +61 27 | 3.6 G8 0.826 7 — 87 | — 71 
SRermarnee Boss 5482 21 16.6 | +23 26 5.8 Go 0.252 | 123 — 88 | — 73 
BOs sa cred | W.B. 2tbs02 2m 24.5 | —12 56 OME Va ikss 1.052 | 105 — 90 | — 81 
a eae ae W.B. 21bs594 UNA SCN VIS BEN 1h 2 G8 0.56 50 — 83 | — 67 


have been applied to these values in accordance with an unpub- 
lished investigation by Strémberg. These corrections are as yet 
provisional and in nearly all cases their influence is slight. The 
directly measured parallaxes have been used in the case of stars 
numbered 5, 9, 23, 24, and 29. For star No. 27, which is a close 
visual binary, the apparent magnitude of the brighter component 
has been employed. The derivation of the parallaxes is from the 
formula log t=0.2(M—m)—1, and the values of the absolute 


magnitude and parallax are given in the second and third columns 
of Table IT. 
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TABLE II 
No M w A D x 9 3 v i8 | B 
km km km km 
+ 0.9 | +0.019 211°“) —29° | + 26 | — yo} + 44 87 290° | +30° 
+ 5.7 0.120 112 —42 —115 | —103 | — 28 156 222 —10 
3.0 0.016 | 152 Sle WSS |p eee) Go Fey) Gi)... 245 | +.8 
+ 4.4 0.028 | 275 | —40 | +117 | — 92] — 35] 153 322 | —x3 
ofa O50 0.039 | 247 | —54 | <1 .89 || —155)| — 23° £79) | (300, |= 4 
+ 4.4 0.028 103 —13 —148 | — 34] — 11 152 193 —4 
+ 3.0 0.007 IOI -—8 —489 | — 63] — 28] 404 187 — 3 
+ 6.0 0.055 OA | S20 OSs eta 520 etek Age tOS. ie Nae yy 
+11.7 ©.319 123 —59 | —12r | —2190| — 57] 257 241 —13 
+ 7.0 0.050 121 +12 — 8 | + 3] + 38 05 178 | +24 
+ 1.0 0.021 94 —26 — 92 | — 35| — 29] 102 200 —16 
+ 1.4 0.032 126 —66 — 45 | —116 | — 31 128 249 —I4 
+ 5.6 0.021 230 —36 +134 | —212| + 74] 262 302 +16 
+ 0.6 0.012 Os —13 —163 | — 26| — 30| 168 189 | —10 
— 0.4 ©.012 CON TO un a7 7 eaten A0) OX sibs || BK 
a eked) ests [cays Toe Ce ai || ci 7k: 84 aes | ek: 
0 0.023 | 217 Oe |) SES | EE) re Sy 279. | 
Te) Or O32 SES ct-35 ail on eto sonl| tae op BES A per 
8 ©.437 328 —O61r +31 |] — 58| — 95 208 -4 
oe ©.100 243 —50 +180 | —301 24 35% 301 ° 
6 0.012 266 —66 | +143 | —321 | —122] 372 204 —19 
= 0.013 156 —45 —128 | —289 | + 62| 322 246 | +14 
= 0.044 200 —64 | + 38 | —489| — 10] 4or 274 — 1? 
9 0.033 08 ° —22r| + 4/— 8 221 179 —2 
ok ©.002 33 —51 — 40 | — 71 | —144] 166 241 —60 
.6 0.006 266 —51 +101 | —128 | — 35 167 308 —12 
BE 0.069 86 - 1 —6r|+ 6|— 14 63 174 —13 
4 0.014 130 +31 —182 | + 68 | +148 245 159 +37 
4 ©.540 02 | 45) 4) —"02) |---Son = go) 232 136 | +13 
4 o.IIO 94 +11 — 86 | + 20] — 2 89 167 -—1 
4 O-014) | 258° | — 42) | 36)| — 78h) 23, 89 245 | +15 
I ©.050 134 —24 —116 | — 89 | + go] 152 217 +15 
Re) 0.015 96 —36 | —314 | —194 | —130]| 301 212 —19 
.© 0.076 136 —29 — 60 | — 56 19 84 223 +13 
me} 0.007 63 —30 —107 | — 60] —123 174 209 —45 
“Ff Seen || aki If co ay det a | ek} Or Uh) \| a8 
9 0.048 120 —-I7 — 73 | — 33 | + 12 81 204 +9 


The computation of the equatorial velocity-components referred 
to the sun, £, 7, and ¢, has been made from the formulae 


| ore : 
£=V cos a cos 6—~(ur sin a+yp, cos a sin 6) 
ah 
; k : 4 
n=V sin a cos b+ (us cos a—p, sin a sin 6) 


¢=V sin btu, cos 6 


In these expressions V is the radial velocity, k=4.737 and 
Lr=bMa COS 5, f2=Ms Where wv. and ms are the components of the 
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proper motion. To reduce these values to the usually adopted 
centroid of the stars by eliminating the solar motion, we put: 


£,=V, cos A, cos Dy 
No= V_ sin A, cos Dy 
AV estat 1D}. 


in which V, is the solar motion, and A, and D, the right ascension 
and declination of its apex. We then have for the equatorial 
components of the star’s space-velocity, 


£,=&+8=v cos A cos D 
. n=n+n. =v sin A cos D 
t:=¢+,.=v sin D 


From these equations we calculate not only &,, 7:, and ¢,, but also 2, 
A, and D, the space-velocity of the star and the co-ordinates of its 
apex. Using the values already referred to we have 


£=0, To LO, 60=+10 


The components of velocity with reference to the galactic system 
are found from the equations 


x=v cos L cos B=+0.1846 &—0.9828 nx 

y=v sin L cos B=+0.4494 &+0.0844 7:+0.8893 £: 
z=v sin B = —0.8740 &,—0.1642 9:+0.4573 $1 
P= a2 yet ga 


The numerical coefficients result from the assumed values a = 190°6, 
6=-+27°2 for the pole of the galaxy. 

The results of the computations are given in Table II. A and 
D are the right ascensions and declinations of the apices, x, y, and z 
the components of velocity referred to the galaxy, v is the total 
velocity, and L and B the galactic co-ordinates of the apices. The 
values are shown graphically in Fig. 1, the plane used being that 
of the galaxy. The apices are shown in projection, and the vectors 
drawn from the origin represent the direction and amount of motion 
in this plane. 
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Some of the conclusions to be drawn from these results may be 
summarized as follows: 


1. The components of velocity normal to the plane of the galaxy 
are much smaller than thosé in the plane. Thus we find from 
Table II the average values: 


x=115 km, y=119 km, 2=46 km. 


-500 -400 -300 -200, +100 +200 


° 


Fic. 1.—Projection on galactic plane of apices of motion of thirty-seven stars 
of high radial velocity. The vectors drawn from the origin represent the projected 
velocities in km per sec. The axes of the ellipse of intersection of the velocity- 
ellipsoid with the galactic plane are indicated by the two arrow-headed lines. 


The same result follows from a consideration of the latitudes B of 
the apices. The latitudes of only six of the thirty-seven stars 


exceed 30°. 
2. Nearly an entire hemisphere is devoid of apices, the galactic 
longitudes all lying between 131° and 322°. 
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3. The velocity of the centroid of these stars is remarkably 
high. Thus omitting those with total velocities greater than 
300 km we find from the remaining twenty-nine stars: 


*%=—59.5 km y=—44.5 km z=—4.4km 
v= 74.4 km L=217° B=-—3° 


4. If we project the velocities of these twenty-nine stars upon 
axes through this center such that the sum of the squares of the 
projected velocities is a maximum and a minimum we find the 
following directions' and the mean square dispersion o: 

Maximum: L=141° B=+9 o=100.6 km 
Minimum: JL= 61° B=—49° o= 46.1km 
Intermediate: L= 43° B=+39° o= 61.4km 


The directions of the smaller axes are necessarily uncertain. Thus 
it is clear that the effect of stream motion among these stars is very 
marked. 

5. It is of interest to note that the direction of the major axis 
as derived from these stars is in close agreement with that found by 
Strémberg from a discussion of the radial velocities of 260 dwarf 
stars (L=148°, B=+14°), and that of Raymond? from 559 stars 
of large proper motion (L=146°, B=+8°). All three of these 
investigations agree in indicating that the galactic longitude of the 
principal vertex for the stars of high velocity is considerably less 
than that for stars in general, which is about 170°. 

6. An interesting feature of the results, but one which must be 
accepted with some reserve, is the apparent tendency of the stars 
to move along a line of galactic longitude about 260°, the assumption 
being made of a motion of the centroid of % = —100 km, y= —20km. 
This direction coincides nearly with that of the greatest star- 
density as determined by Charlier, Walkey, Nort, and Plummer. 

7. Reference may perhaps also be made to the tendency shown 
by the stars of the very highest velocity (over 300 km) to move 
along a line parallel to that of the major axis, referring the motion 

* The intersection of this velocity-ellipsoid with the galactic plane is indicated in 
Fig. 1 by straight lines which show the axes of the ellipse of intersection. 

? Astronomical Journal, 30, 191, 1917. 
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to their common center. Thus all of the stars omitted from the 
previous discussion show a very fair degree of alignment with the 
direction of the principal axis as given in Fig. 1. 

8. A marked difference is seen in the average galactic latitudes 
of the apices of the stars of high and low luminosity, the latter lying 
more nearly in the plane of the galaxy. Thus if we select the stars 
of absolute magnitude brighter and fainter than 3.0 we find: 


Average M Average B 
ONStATS* ce creme +0.4 26° 
O0 Stars aie) Sealey 5-9 14° 


The galactic latitudes of the apices of only four of the fainter stars 
exceed 26°. 

g. A similar result is found for the average velocities of the stars 
of high and low luminosity, the latter stars moving more rapidly. 


. Average M Average 0 
OiStATSarra ea eee +o0.4 130 km 
2SNSUATS eee Saree 5-9 216 km 


1o. An examination of the spectral types of these stars shows 
that an extraordinarily large proportion, twenty-six out of thirty- 
seven, are of types F and G. The stars of type F have by far the 
largest average space motion, nearly double that of the stars of type 
G. The comparison, which is of little weight for types A, K, and 
M, gives: 


No. of Stars Type Average 9 Average V’ 
km km 
O38 tO OUD OUD OE Oe Ap 200 II5 
DD oi arsraveye aictans lathes F 307 187 
TiS hele reve Sisco s G 156 104 
IB Baits watieraiere steiode ts K 122 106 
TORI AR RIOTS TS M 121 88 


Among the stars of type F it is of interest to note that those 
of earlier spectrum show the largest velocities. Thus the six stars 
with spectra between Fo and F5 inclusive have space motions of 
364, 494, 372, 322, 245, and 391 km, an average value of 365 km. 
The average value of V’ for these stars is 209 km. 

Mount WItson SOLAR OBSERVATORY 

January 1919 
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THE ORBITS OF THREE SPECTROSCOPIC BINARIES 
By WALTER S. ADAMS anp ALFRED H. JOY 


THE ORBIT OF BOSS 593 


The two stars Boss 592 and 593 (a=2» 31™2; 6=+24° 13’; 
1900) form the well-known double star 30 Arietis, or = 5, with a 
distance of 38” and a common proper motion of 0”146 annually. 
The visual magnitudes of the stars are 7.4 and 6.6 respectively, 
and the spectral types are very similar, being F5 and F4 according 
to our most recent determinations. The brighter star of the pair, 


Boss 593 


Fic. 1 


Boss 593, was found in 1916 to be a spectroscopic binary, and the 
number of spectrograms is now sufficient to make a determination 
of its orbit readily possible. 

All of the spectrograms were secured with the Cassegrain 
spectrograph and the 60-inch reflector, a dispersion of one prism 
and a camera of 18 in. (45.7 cm) focal length being used throughout 
the observations. The spectrum is not of the best quality for 
measurement, and the lines are broad and somewhat hazy. For 


355] u 


2 WALTER S. ADAMS AND ALFRED H. JOY 


this reason, and because of the low dispersion employed, the com- 
putation of the orbit has been based upon normal positions, the 
radial velocities for spectrograms taken at nearly the same phase 
being combined to give mean values. 

Since the observations extend over an interval of three years, 
it has been possible to determine the period with considerable 
accuracy. ‘This is found to be closely 9.851 days. With the aid 
of this period the phases have been determined and the radial 
velocities combined into the normal values given in Table I. The 
epoch selected is December 20.0, 1917, Julian day 2421583.0G.M.T. 


TABLE I 
Se 
No NG Cb ly eR nase v o-C: 0-C; 0-G 
Days km km km km 

Tistsetcreisierae 2 ©.910 +36.2 --1.1 2.1 +1.5 
Bi ie fo siste loners 2 2.008 +29.4 +0.8 +1.0 +0.9 
Biers jovsdeetvcpane 2 2a r +21.0 —0.4 —=0.9 —o.8 
A ST faa 2 2.931 +14.2 —0.4 —I.1 —0.9 
IB Scicteheet fei 4 4 3-551 + 4.3 +0.6 +0.3 +0.5 
ORS oy caer 4 4.188 — 5-3 0.0 +o.2 +0.5 
TSS Me BOOS I 5.081 =10.5 Ons —I.1 —0.4 
Baa siktcios 2 6.778 + 3.8 —1.2 —1I.3 —0.9 
OQuecrlatesiet 2 7.759 +17.6 +1.0 +1.6 +1.5 
TOw arama I 8.207 7-22.32 +1.3 +127 2.3 
bh Ge arenes 2 8.976 +26.0 —1.2 —1.2 — TA 
LQc.5 yeereie 2 9.784 +31.5 —o.8 —0.7 —1I.4 


The method of calculation adopted is that involving the use of 
a Fourier’s series, the details of which are given by Plummer,' 
Russell,? and others. The mean radial velocities and phases of 
Table I were plotted, and a smooth curve was drawn through the 
corresponding points. From this curve were read off the radial 
velocities V.,V, . . . . Vi: for each twelfth part of the period. The 
following equation was then assumed: 


V=),+6, cos t-+b, cos 27-+a; sin T+, sin 27. 


The value of + being 30°, the computation of the coefficients is 
made readily from the relationships 


It It bm y 
bo=PyZVn; br =$ZVy cos 1.30°; b,=1DVy cos n.60°; etc. 
° fe} ° 


* Astrophysical Journal, 28, 212, 1908. 2 [bid., 15, 252, 1902. 
356 


ORBITS OF THREE SPECTROSCOPIC BINARIES 3 
The resulting value for the series is: 
V=+14.42+21.31 cost—3.08 cos 27+4.96 sint+15.1 sin 27. 


The normal values of the radial velocities are well represented by 
this expression, as the residuals given in Table I under O—C, show. 
Approximate values of the elements may be derived from the 
coefficients of this series by means of the relationships given by 
Plummer. Neglecting the second and higher powers of the eccen- 
tricity we find: 
y=+14.4km 
K=21.9km 
wW=127°6 
€=0.157 
T=J.D. 2421586. 86 
P (assumed) =9.851 days 
@ sin t= 2,925,000 km 
pa oe 0) 

The values of the radial velocity calculated from these elements 
show the differences from the observed values given in Table 
Pounder O—C.. 

Although this representation is satisfactory in view of the degree 
of accuracy obtained in the measurements of the radial velocity, 
it seemed desirable to carry out a least-squares solution for the 
purpose of obtaining the probable errors of the various elements. 
In this solution the period P was assumed to be constant, and cor- 
rections were determined for y, w, e, K, and T. The final values 
of the resulting elements are as follows: 


y=+14.42+0.71 km 
K=22.48+0.47 km 
W=12906 753 
€=0.1455+0.0185 
T=J.D. 2421586.899+0.196 
a sin 1=3,012,700 km 
3 cojn3 4 
Gt, 72° 0873 © 
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The differences between the observed radial velocities and those 
computed from these elements are shown in Table I under O—C;. 

The parallax of Boss 593 has been determined by van Maanen 
and by Miller. The weighted mean of the results gives an absolute 
magnitude of 4. 2. 


THE ORBIT AND ABSOLUTE DIMENSIONS OF W URSAE MAJORIS* 


The variable star W Ursae Majoris (a=9> 3677; 6=+56° 25’; 
1900) has attracted much interest since its discovery in 1903 by 
Miiller and Kempf, who found its light to vary in the unusually 


W Ursae Majoris 


Fic. 2 


short period of four hours. The variation was found to be con- 
tinuous, with very sharp minima and rather flat maxima. The 
peculiar shape of the light-curve led Russell to apply the theory 
of an eclipsing binary, and he thus found that the star’s light- 
changes might be accounted for by assuming that the period should 
be doubled, and that the primary and secondary eclipses produced 
equal minima. This result has not been as widely accepted as the 
evidence would warrant, probably on account of the exceptionally 
short period and the spectral type, which was given by the Harvard 
observers as Go. Hence the star is still given in some lists as a 
Cepheid or cluster-type variable. 


* An abstract of this paper was read at the meeting of the American Astronomical 
Society, August 20-22, 1918. 
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The star was placed on the Mount Wilson spectrographic 
observing list, together with other stars of the later types having 
measured trigonometrical parallaxes, for the determination of 
absolute magnitude and parallax. Ten plates were secured from 
December, 1917, to March, 1918, with exposures varying from 
30™ with the 7-inch camera to 2" 15" with the 18-inch camera. 
The spectra of both components appear, the lines of the primary 
being slightly stronger than those of the secondary. The spectrum 
is most extraordinary. It appears to belong to the solar type and 
might be classified as F8p. The faint lines are entirely obliterated, 
and the strong lines are so widened and weakened that measures for 


TABLE II 
Plate Date G.M.T. Exp. Phase eeu emacs 
km km 

OAT ays wscrsi tot7 Dec I gohyem | 735m 644 —170 +190 
O433ia ms ss 3 C2EG 60 6.1 —130 +190 
GAAS Ae a 5 © 13 115 Ont) operate eal meee 
O823 Fins 3 .ors 1918 Jan I TLS 45 Oo |) Me eee Me pers ee 
Ox2qe on ks: I Ig 15 30 252 +160 (— 260) 
OS 26 ./o8 i n,< I 22505 30 6.2 =—IL50) +200 
OS Os scceis, as 2 DEEL 38 6.1 —100 +180 
WOO 26 are 5s Feb I Ig 50 56 2.1 +120 —170 
GO08F cac52 I 22555 60 6.2 —130 +130 
O20 tsja.20°. March 31 20 35 70 20) +110 — 230 


* Lines of two spectra blended. Measured V=+50 km. 
} Lines of two spectra blended. Measured V=o km. 


velocity and estimates of line-intensity can be made only with the 
greatest difficulty. The results accordingly are given only as the 
best approximations which can be determined from the plates. 
The results of the spectrographic measures, together with the 
photometric orbits by Russell and Shapley, show that the unusual 
character of the spectral lines is due partly to the rapid change in 
velocity during even our shortest exposures but mainly to the rota- 
tional effect in each star, which may cause a difference of velocity 
in the line of sight of as much as 240 km between the two limbs 
of the star. 

Table II gives a summary of the observations. Three plates 
were taken at maximum light when the primary star was receding, 
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five at the opposite maximum when the primary was approaching, 
and two near the even minima. ‘The phases were computed from 
the recent light-elements by Shapley and Van der Bilt,’ using the 
period of 0.3336392 day. The velocities are corrected to give the 
effective velocity for the whole exposure and are rounded off to 
the nearest ten kilometers on account of the character of the 
spectrum. They are the means of the measures of three and in a 
few cases of four observers. On plate 6524 the second component 
was measured by only one observer, and the value is omitted. 

The following orbital elements were determined after grouping 
the observations according to phase and assigning weights accord- 
ing to the character of the lines: 


Eccentricity, e (assumed) =0.00 
Velocity of center of mass, y= —5+13 km/sec. 
Semi-velocity range of primary, K,=1345 km/sec. 
Semi-velocity range of secondary, K,=18815 km/sec. 
Radius of orbit of primary, a; sin i=610,000 km 
Radius of orbit of secondary, a, sin i=860,000 km 
Mass of primary, m; sin}i=0.67 © 
Mass of secondary, m2 sin}i=0.48 © 
Ratio of masses, me =o. 71 © 
With the aid of Russell’s solution of the photometric orbit as 
given by Shapley? we may now compute the absolute dimensions 
of the orbit and the individual stars and find the masses and densi- 
ties of each star, thus giving data which.are known for only a very 
few stars. . 
Taking the ‘“‘uniform”’ solution which Russell suggests as the 
most probable because of the color-indexes found by Shapley, we 
note that the stars are ellipsoids with the same dimensions. The 
inclination 7=77° 35’, and the ratio of the axes of the ellipsoids 
are given, whence we find: 


Radius of the primary orbit =620,000 km 
Radius of the secondary orbit = 880,000 km 


* Mt. Wilson Contr. No. 140; Astrophysical Journal, 46, 290, 1917. 
* Contributions from the Princeton University Observatory, No. 3, 1915. 
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Radius of the relative orbit = 1,500,000 km 

Greatest semi-axis of each star= 548,000 km=o. 78 sun’s radius 

Intermediate semi-axis of each star=408,000 km=o.58 sun’s 
radius : 

Polar semi-axis of each star= 373,000 km=o. 54 sun’s radius 

Mass of primary=o.69 © 

Mass of secondary =o0.49 © 

Density of primary=2.8 © 

Density of secondary=1.9 © 


The densities are remarkable as being the highest known in any 
stellar system. The projected surface area of the two stars is 
equal to about go per cent of the sun. If we should assume that 
the same surface luminosity prevails on the stars as on the sun, as 
we should expect in similar spectral types, the absolute magnitude 
would be about 4.8 (calling the sun 5.0) and the parallax 0’024. 

The trigonometric parallax has been measured at the Yerkes 
Observatory and found to be o”or12, corresponding to an absolute 
magnitude of 3.3, and our rough estimates from the very poor 
spectral lines seem to agree withit. If then we accept the measured 
parallaxes, we find the surface luminosity of the stars to be four 
times that of our sun. 


THE ORBIT AND ABSOLUTE DIMENSIONS OF Z HERCULIS 


The Algol variable Z Herculis (a=17" 5376; 6=+15° 9’; 1900) 
is well known because its period is so nearly equal to four days 
that it has been found difficult to make complete observations 
of its light and velocity changes at any one observatory. In the 
course of the observation of stars with measured parallaxes nine 
spectrograms have been secured at Mount Wilson. These observa- 
tions have been timed in such a way that they allow a determina- 
tion of the spectrographic orbit, if it is assumed to be circular 
in accordance with the photometric orbit computed by Shapley.* 
Both the photometric and spectrographic results indicate that in 
general the Algol variables move in orbits which are nearly circular. 
The star R Canis Majoris,? e=o.138, is the only one thus far 


 Contrioutions from the Princeton University Observatory, No, 3, p. 100, 1915. 
2 Jordan, Publications of the Allegheny Observatory, 3, 49, 1912. 
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found to have an eccentricity of more than o.100. Plate 6942, 
which was taken near minimum of light, was of inferior quality 
and was not used in the solution. 

Two spectrograms taken by Frost" in 1905 give velocities which 
fall fairly well on our curve and show that the period has been 
accurately determined. Our photographs show the presence of 
two spectra of type F2. The lines of the secondary spectrum are 


Z Herculis 
O\ — 


Fic. 3 


only about one-half as strong as those of the primary, and many 
are poorly defined or not seen at all on some of the plates. The 
orbit of the secondary is consequently less accurately determined. 
Although the results show that there is a marked difference in sur- 
face luminosity between the two stars, the spectra appear to be 
essentially of the same type. The rotational effect is so small 
that the spectral lines are fairly sharp, and measures of the pri- 


mary show good agreement. The velocity of the center of mass is 
unusually large. 


* Astrophysical Journal, 22, 214, 1905. 
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The following elements were determined, the orbit being assumed 
to be circular: 


Photometric period, P=3.992775 days (Lehnert) 
Eccentricity, e=o.00 (assumed) 

Velocity of center of mass, y= —46.5+0.3 kni/sec 
Semi-velocity range of primary, K;,=88.2+0.4 km/sec 
Semi-velocity range of secondary, K,=101.8+1.4 km/sec 
Radius of primary orbit, a; sin i=4,800,000 km 

Radius of secondary orbit, a, sin i= 5,600,000 km 

Mass of primary, m; sin)i=1.5 © 

Mass of secondary, m, sin}i=1.3 © 


: m 
Ratio of masses, nO: 86 
I 


The photometric orbit has been computed by Shapley? from 
observations by Wendell at Harvard. On account of the peculiarity 
of the period the observations of different portions of the light- 
curve had to be made in different seasons, but the results were 


TABLE III 

Plate Date G.M.T. Phase Vz Va 

Days km km 
OE Gs «ts oe tor7= Oct 5 15546™ 0.514 —106.0 + 27.1 
O27 ayn wake eons 6 I5 44 Taste —106.8 ==) 2775) 
O00 Tce eve ers 26 I4 13 1.466 —I13.0 + 28.6 
(ey DA ara rae Nov. 4 14 38 2.507 + 17.4 —1I4.7 
0033.5. se 1918 May 25 Ig 10 1.075 —134.9 + 58.0 
003052 )-. + cae = 27 18 40 3.054 + 30-5 —152.7 
OO4 2a teen 28 ie Ax 021620 lake — 47.2 
TOTO Ne a June 24 TOns's 3.031 ae 29 —137.0 
WABAP Lccls es 5+ July 18 L007 3.049 + 39.8 —1460.4 


considered fairly reliable. The ‘‘uniform” solution gives a grazing 
total eclipse and the ‘“‘darkened”’ solution a partial eclipse, with the 
larger star in front in both cases. The larger star is the fainter. 
The secondary eclipse is very shallow. Combining the results of 
the spectrographic observations with the photometric we obtain the 
absolute dimensions of the orbits and of the individual stars. 


I Contributions from the Princeton University Observatory, No. 3, 1915. 
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The photometric observations are not sufficient to give the relation 


of the axes of the ellipsoids. 
TABLE IV 


“Uniform” Solution 


Inclinationofoxrbiteerreai ae to nie 83° 40 
Radius of primary orbit............. 4,870,000 km 
Radius of secondary orbit........... 5,620,000 km 
Radius of relative orbit or distance of 

CONLETS..h oh Ghecenay ae oie helio eeeueeen® 10,490,000 km 
Radius of bright primary star........ 1,020,000 km 
Radius of faint secondary star....... 2,170,000 km 
Mass of primary ac.) emcee easier sate ©) 
Mass of secondary, se ioe ie i230 ©) 
Density on pemaryicet ema teeeetat 0.5 © 
Mensityotsecondaryeert eee ree 0.05 © 


“Darkened” Solution 


82° of 
4,880,000 km 
5,640,000 km 


10,520,000 km 
1,230,000 km 
2,290,000 km 

1.6 


OOOO 


OOH? 


3 
3 
.O4 


The absolute magnitude of the brighter star determined from 
the spectra is +2.4, indicating a parallax of o”010, which is in 


good agreement with the hypothetical parallax. 


The trigonometric 


parallax as determined at the Yerkes Observatory is +07033. 


Mount WILson SOLAR OBSERVATORY 
February 1919 
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THE MAGNETIC POLARITY OF SUN-SPOTS 


By GEORGE E. HALE, FERDINAND ELLERMAN, 
S. B. NICHOLSON, anp A. H. JOY 


Whirling storms in the earth’s atmosphere, whether cyclones or 
tornadoes, follow a well-known law which is said to have no excep- 
tions: the direction of whirl in the northern hemisphere is left- 
handed or counterclockwise, while in the southern hemisphere it 
is right-handed or clockwise. The theory of terrestrial cyclones 
is still very obscure, but the direction of whirl is evidently deter- 
mined by the increase in linear velocity of the air from pole to 
equator, due to the earth’s rotation. The question naturally arises 
whether storms in the solar atmosphere are also whirlwinds, and, 
if so, what law governs their direction of whirl in the northern and 
southern hemispheres. 

The first definite evidence bearing on this question was obtained 
with the spectroheliograph in 1908.! Photographs of the hydrogen 
flocculi made with the Ha line showed clearly marked vortical 
structure in regions centering in sun-spots. This structure was 
found to be repeated in hundreds of spots, leaving no doubt as to 
the generality of the phenomenon. Furthermore, photographs 
were obtained showing masses of hydrogen in the act of being 
drawn from a great distance toward the center of sun-spots, as 
though sucked into a vortex. 

These photographs suggested the hypothesis that a sun-spot is 
a vortex, in which electrified particles, produced by ionization in 
the solar atmosphere, are whirled at high velocity. This might 
give rise to magnetic fields in sun-spots, regarded as electric vor- 
tices. A search for the Zeeman effect led to its immediate detec- 
tion, and abundant proofs were soon found of the existence of a 
magnetic field in every sun-spot observed.” 


t Hale, ‘‘Solar Vortices,” Mt. Wilson Contr. No. 26; Astrophysical Journal, 28, 
100, 1908. 

2Hale, ““On the Probable Existence of a Magnetic Field in Sun-Spots,” Mz. 
Wilson Contr. No. 30; Astrophysical Journal, 28, 315, 1908. 
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Subsequent investigations have led to the view that two classes 
of vortices are involved: 

1. High-level hydrogen vortices, centering in sun-spots, which 
are revealed by the spectroheliograph when monochromatic images 
of the sun are photographed with the light of the central part of 
the Ha line. In these vortices, which sometimes cover vast areas 
of the solar surface, the motion of the hydrogen appears to be 
spirally inward and downward. Little is known, except by infer- 
ence, as to the form of the stream-lines in the lower levels close to 
the photosphere. There is reason to infer, however, that the hydro- 
gen gas, descending toward the solar surface, moves spirally out- 
ward in the lower chromosphere above the spots.? 

2. Low-level electric vortices, formed in the photosphere, which 
constitute the sun-spots themselves. In these vortices the motion 
of the gases appears to be spirally upward from within the photo- 
sphere and outward along its surface.?__ It is easy to show by labora- 
tory experiments that such a primary vortex formed in water may 
set up a secondary vortex in a gaseous atmosphere above it, closely 
analogous to the hydrogen vortices above sun-spots. 

The present paper deals with the magnetic polarity of sun-spots, 
though some reference will also be made to the closely related phe- 
nomena exhibited by the vortex structure of the hydrogen flocculi. 
The purpose in view is to discover the law of magnetic polarities, 
if such exists, and to consider whether this law is subject to varia- 
tion in the course of the sun-spot cycle. Subsequent papers will 
deal with the various magnetic peculiarities of sun-spots and the 
structure of the hydrogen flocculi, with special reference to the 
nature of the vortices associated with sun-spots. 


METHOD OF OBSERVATION 


It is a well-known fact that when a normal Zeeman triplet is 
observed along the lines of force of a magnetic field the central (p) 
component is absent and the two side (m) components are circularly 
polarized in opposite directions. A quarter-wave plate and Nicol 


*St. John, Mt. Wilson Contr. No. 69; Astrophysical Journal, 37, BO WONG 
Evershed, Kodaikanal Observatory Bulletin, No. 15; Memoirs, 1, Pt. 1, 1909. 
2 St. John, loc. cit. 
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prism mounted over the slit of the spectroscope permit either 
n-component to be cut off at will by rotating the Nicol. Further- 
more, if the polarizing apparatus be adjusted so as to extinguish one 
component, reversal of the cufrent through the coils of the magnet 
will cause this component to reappear, while the other will be 
extinguished. The method thus offers a simple means of deter- 
mining the polarity of a magnetic field, which can still be used 
when the angle between the line of sight and the lines of force is 
as great as sixty or seventy degrees. In this case, however, the 
p-component of the triplet is present, and the elliptically polarized 
light of the x-components can be only partially extinguished. 
This method is employed daily for the study of the magnetic 
polarity of sun-spots with the aid of the 75-foot spectrograph of 
the 150-foot tower telescope on Mount Wilson. A 12-inch (30.5 cm) 
visual objective of 150 feet focal length, mounted just below the 
second mirror of the coelostat near the summit of the tower, pro- 
duces at the base of the tower an image of the sun about 43 cm in 
diameter, any portion of which may be brought upon the slit of 
the spectrograph below by means of the electric motors that 
contro! the slow motions of the coelostat and second mirror. The 
massive circular head of the spectrograph, which carries the slit in 
a horizontal plane, can be rotated to any desired position angle. 
After passing through the slit, the light from the sun-spot, or other 
portion of the solar image, descends vertically into a subterranean 
well, 10 feet (3.0m) in diameter, with concrete walls. The colli- 
mating lens of 6-inch (152 mm) aperture is 75 feet (22.9 m) below 
the slit. This lens and the large Michelson grating below it are 
mounted on a heavy support at the bottom of the well, where the 
temperature is essentially constant throughout the year. After 
falling on the grating, the light is returned through the collimating 
lens, which forms an image of the spectrum at a point near the slit 
of the spectrograph. Here it can be observed visually, or photo- 
graphed if desired. There is no connection (other than the walls 
of the well) between the head of the spectrograph, which carries the 
slit, and the support for the collimator-camera lens and grating at 
the bottom of the well. When the slit is rotated in position angle, 
the grating support is rotated through the same angle by means of 
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an electric motor, thus bringing the lines of the grating again into 
parallelism with the slit. All of the necessary adjustments, includ- 
ing the rotation of the dome at the summit of the tower, the slow 
motions of the coelostat and second mirror, the focusing of the sun’s 
image on the slit, the focusing of the collimator-camera lens, the 
inclination of the grating to bring different orders of spectra into 
view, and the rotation in azimuth of the grating support, are 
accomplished by electric motors controlled by push buttons near 
the hand of the observer. 

Most of the observations, both visual and photographic, of the 
Zeeman effect in sun-spots are made in the second-order spectrum, 
where the linear dispersion at the region in question is 1 A=2.96 
mm. For the daily determination of spot polarities the sharp 
iron triplet \ 6173 .553 is usually employed. 

In work of this nature, as already stated, it is necessary to use 
a Nicol prism, which is supported just over the slit of the spectro- 
graph, and surmounted by a compound quarter-wave plate, so con- 
‘structed that the principal sections of the successive mica strips 
(2 mm wide) are normal to one another. The Nicol prism, 130 mm 
in length, 18 mm high, and 10 mm wide (effective width 5 mm), 
was built by Werlein (from four sections each 32.5 mm long) for 
use with the 75-foot spectrograph (see Plate IIIa, Contribution 
No. 71). The compound quarter-wave plate, there shown swung 
to one side, can be turned into position above the Nicol. In view 
of the considerable focal length of the spectrograph, the distance 
of the quarter-wave plate from the slit (65 mm) is not sufficient to 
reduce materially the sharpness of the dividing lines between 
adjoining strips of spectra. For the study of plane polarization 
phenomena, a compound half-wave plate is substituted for the com- 
pound quarter-wave plate. Circular half-wave and quarter-wave 
plates, mounted so that they can be rotated in position angle, are 
also used for special purposes. 

With this apparatus the magnetic polarities and the strength 
of the magnetic field in all sun-spots are recorded daily (see Fig. 1). 
A sheet of paper is placed in the focal plane of the telescope and 
all spots visible are traced in outline upon it. The polarity of each 
spot is then indicated by a “V” or an “R,” according as the violet 
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or red component of the Zeeman triplet is transmitted by a given 
strip of the quarter-wave plate. As the diameter of the focal image 
of the sun is 43 cm, it is possible in this way to observe very small 
spots. In addition to the record of polarities, the strength of the 
field in each spot is measured by means of a parallel-plate microme- 
ter. The scale of this micrometer has been carefully calibrated by 
Ellerman and Nicholson, and when used to measure a triplet whose 
separation for a given field-strength has been determined in the 
laboratory its readings are readily convertible into gausses. In the 
case of the sharp triplet \ 6173, the z-components may still be dis- 
tinguished separately in sun-spots when the field-strength is as low 
as 1000 gausses. For greater field-strengths the observed values are 
therefore fairly reliable, but below this limit they must be regarded 
as merely approximate. The readings with the parallel-plate 
micrometer are recorded in degrees; and since for \ 6173 one de- 
gree corresponds approximately to 100 gausses, the designation 
““V 28” (see Fig. 2) at a certain point on a sun-spot indicates 
that the polarity at this point corresponds to that of the north 
magnetic pole of the earth, and that the field-strength is about 
2800 gausses. “‘R 7”? would mean that the polarity corresponds 
to that of the south magnetic pole of the earth, while the field- 
strength is of the order of 700 gausses. 


THE DETERMINATION OF SUN-SPOT POLARITIES; INCLINATION 
OF THE LINES OF FORCE 


The determination of the magnetic polarity of a sun-spot 
depends upon an estimate of the relative intensities of the red and 
violet components of a Zeeman triplet. The zinc triplet \ 4680 in 
the spectrum of a spark between the poles of a large Weiss magnet, 
when photographed with a Nicol prism and compound quarter- 
wave plate at angles of 0°, 60°, and go° with the lines of force, 
presents the appearance shown in Plate Va, b,andc. When the ob- 
servation is made parallel to the lines of force, the p-component of 
the triplet is absent and one of the m-components is completely cut 
off. At right angles to the lines of force the p-component is twice as 
strong as the m-components (in the case of a normal triplet), while 
the two n-components are of equal intensity. At intermediate 
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a, b, c, Observations of the zinc triplet \4680 in the physical laboratory, with 
compound quarter-wave plate in front of the slit of the spectrograph; inclinations 
of line of sight to lines of force are 0°, 60°, go°, respectively; d, e, f, the same, with 
compound half-wave plate substituted for the quarter-wave plate; compare with 
Fig. 3 and 7 and k of this plate. 

g, Lines of force in a sun-spot near the west limb on October 1, 1915; h, photo- 
graph of the same spot; the numbered lines indicate successive positions of the slit 
of the spectrograph used to determine the inclination of the lines of force. 

7, j, k, 1, Iron triplet \6173 photographed in spectra of various sun-spots; 7, 7, 
circularly polarized light, spot near center of sun, observed with Nicol and (i, com- 
pound; j, single) quarter-wave plate; k, /, plane polarized light, spot near limb, 
with Nicol and (k, compound; /, single) half-wave plate; 7 shows reversal of polarity 
in two adjacent umbrae of large spot-group of August, 1917. 
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angles the plane polarized p-component is of intermediate intensity, 
while the elliptically polarized »-components are no longer com- 
pletely cut off by the Nicol prism and quarter-wave plate. The 
relative intensities of the thrée components of a normal triplet for 


Fic. 2.—Sketch of large sun-spot group from the daily record for August to, 
1917, showing the manner of indicating the polarity and field-strength at different 
points in the group. 


one set of alternate strips, when observed at any angle from o° to 
180° with the lines of force, are given by 


my=% (1—cosy)? p=zsin’? y MR=z% (110s ¥)? 


where my, p, and mz are the intensities of the violet, central, and red 
components, respectively; y is the angle between the line of sight 
and the lines of force, and the unit of intensity is such that 1=ny+ 
p+mp. The variation of intensity in the three components with 
tSeares, Mt. Wilson Contr. No. 72, p. 5; Astrophysical Journal, 38, 99, 1913. 
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the angle y is illustrated by Fig. 3. We thus have a means of 
determining the angle between the line of sight and the lines of 
force in observations of sun-spots. The important bearing of this 
on polarity determinations will shortly appear. 

Repeating the foregoing observations, at the same angles of 
0°, 60°, and go°, but substituting the compound half-wave plate 
for the compound quarter-wave 
plate previously used with the 
Nicol, we have the appearances 
illustrated in Plate Vd, e, and /. 
Parallel to the lines of force, 
when no plane polarized light 
is present, we naturally find 
that the half-wave plate and 
Nicol are without effect on the 
circularly polarized n-compo- 
nents. At 60°, where the plane 
polarized p-component is ab- 
sent and the z-components are 

ty p Mp elliptically polarized, the ap- 

Fic. 3.—Relative intensities of the pearance is as shown in Plate 
three components of a norma] Zeeman Ve, the central component being 
triplet for inclinations of 0° to 180° between 
the line of sight and lines of force when completely cut off by alternate 
observed with a Nicol prism and quarter- half-wave strips, while the - 


wave plate placed in front of the slit of components are materially Te= 
the spectrograph. Thus for o° the rela- dasedinantensit 

tive intensities are 0, 0, 1, respectively; ‘ es . 

for 90°: 0.25,0.50,0.25; for 180°: 1,0, 0. Consider now the bearing of 


these observations on the deter- 
mination of the polarity of a sun-spot when close to the sun’s limb. 
Let us assume that the lines of force at the center of the spot are 
parallel to a radius from the sun’s center passing through this point, 
and that at other parts of the umbra and penumbra the lines of 
force are inclined approximately as indicated in Plate Vg. This 
drawing relates to a spot photographed near the west limb of the 
sun on October 1, 1915, and reproduced in Plate Vh, where the scale 
is that of the image of the sun at the focus of the 150-foot, tower 
telescope. The triplets \ 6302.709 and \6301.718 were observed 
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at various parts of the spot, the successive positions of the slit on 
the image of the spot being indicated on the illustrations by the 
lines numbered 1 to 7. The observations were made visually by 
Hale in the second-order spectrum of the 75-foot spectrograph, using 
the Nicol and the compound quarter-wave plate over the slit. As 
these observations are typical of all fairly symmetrical spots when 
near the sun’s limb, the phenomena observed at each position of the 
slit may be indicated here. Reference is made to the appearance 
of the triplet \ 6173. 


r. Slight “zigzag” effect, red -component (R) stronger than violet 
n-component (V). Diffuse. 

2. Widened, diffuse. R stronger than V. Sharp at one point in spot, 
where ~ and R are separated. R stronger than . V absent or very faint. 

3. Wide, diffuse. R stronger than V. Three components of triplet some- 
times visible. 

Between (3) and (4). # visible but faint. V strong and separated from p. 
R apparently absent. 

4. More diffuse. p hardly separated from V, which is very strong. 
Marked “zigzag.” 

5. Similar, but less “‘zigzag.’’ Diffuse. 

The chief point to be noticed is that, whereas the red -compo- 
nent (R) was the stronger on the side of the spot toward the limb, 
the violet m-component (V) was the stronger on the opposite side 
of the spot. In other words, opposite polarities were indicated 
by the observations on the opposite sides of the spot. This is 
easily explained when the inclination of the lines of force at various 
points in the spot is considered. 

As already stated, Plate Vz represents the spot at the point of 
observation near the west limb of the sun. The direction of the 
lines of force corresponding to the various parts of the spot is 
hypothetically indicated in Plate Vg. Thus when the slit occupied 
positions (2) and (3) the lines of force were directed away from the 
observer, and R was stronger than V.1 Between (3) and (4) the 
n-components became of equal intensity, indicating that the line 
of sight was nearly at right angles to the lines of force. In subse- 
quent positions of the slit the violet m-component, which had been 


‘Assuming the lines of force at the center of the spot to be directed radially 
outward from the sun’s center. 
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weaker than the red component in positions (2) and (3), was invari- 
ably the stronger, showing that the lines of force from the inner side 
of the spot were directed toward the observer. Thus the true 
polarity of a sun-spot, corresponding with that given by observa- 
tions made on the umbra when the spot is near the center of the 
sun, may also be determined near the limb by observing that por- 
tion of the penumbra which lies toward the center of the sun. 

The observations indicate that at some position of the slit 
between (3) and (4) the lines of force were nearly at right angles 
to the line of sight. At this point the compound half-wave plate 
gave strong evidence of plane polarization (Plate Vk), while the 
quarter-wave plate indicated the same result by showing that 
maximum intensity shifted from R to V. 

The position on the spot occupied by the slit when the red and 
violet components of a Zeeman triplet are of equal intensity may 
be called the ‘‘neutral line’ (see Fig. 3). By determining the 
position of this line in a large number of spots we may obtain 
data which will enable us to fix, with some precision, the average 
inclination of the lines of force in a plane passing through the 
center of the sun and the line of sight. 

The photographs of a large bipolar spot group made on February 
9, IO, 12, 13, 14, 1917, and reproduced in Plate VI, will serve to illus- 
trate how the position of the neutral line changes with the longitude. 
Observations were made on both of the principal spots as the group 
was carried by the solar rotation toward the west limb from a point 
near the center of the sun. One day’s observations are missing, 
because of clouds. The gradual displacement with longitude of the 
neutral line illustrated by these observations is perfectly typical, 
and may be seen in any spot of sufficient size as it is carried by the 
solar rotation away from the eastern or toward the western limb. 

Irregularities in the form of spots, the presence of small com- 
ponents opposite in polarity to the chief umbra, and other mag- 
netic peculiarities such as are noted below, frequently complicate 
the observations and affect the form and position of the neutral 
line. But its average shift with longitude, determined from obser- 
vations of a considerable number of spots, gives the approximate 
inclination of the lines of force in various parts of the umbra and 
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PLATE VI 


PHOTOGRAPHS OF LARGE BIPOLAR SUN-SPOoT GROUP 


a, February 9; 6, February 10; c, February 12; d, February 13; e, February 14, 1917, 
showing change in position of the neutral line with change in longitude of spot. 
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penumbra. Thus we find, from 105 observations of 61 spots made 
by Joy and Nicholson, the positions of the neutral line and the 
corresponding inclination of the lines of force (taken as normal to 
the lines of sight passing through the neutral line) given in Table I. 

The position of the neutral line is given in tenths of the spot’s 
radius, measured from the center of the spot toward the limb. In 
the average spot of moderate size the radius of the umbra is 0.4 
that of the penumbra. 

TABLE I 


INCLINATION OF LINES OF FORCE 


Angle Between Lines 


Longitude | Re eas | of pe Solar 
ROL AOpen NTE net enc ee 8.0 Boe 
BUS Oletere che psusya et aetay cinteytes WES) 45 
50 —UON emis seis areal 4.7 35 
OOF OVefeteh | ofisliete) silo ete is atiars 3.2 25 
TOON settee eae 2uO Io 


These results relate to the lines of force that lie in a plane pass- 
ing through the center of the spot, the center of the sun, and the 
line of sight. They do not show, however, the inclination of the 
lines of force in the plane at right angles. ‘These can be very accu- 
rately determined by a method first applied by Nicholson, as 
follows: 

When light from a Zeeman triplet is examined in a direction nor- 
mal to the lines of force the vibrations producing the p-component 
are parallel to the lines of force. When a sun-spot is observed near 
the sun’s limb the lines of force lying in a meridional plane through 
the center of the spot are nearly normal to the line of sight, and 
their inclination to the north or south can be found by determining 
the direction in which the light of the p-component is vibrating. 
The simplest way to do this would be to pass the light through a 
Nicol and observe in what part of the spot the p-component is 
completely extinguished for a given position of the Nicol. For that 
region the lines of force would be parallel to the long diagonal. A 
modification of this method has been used because the grating of 
the 75-foot spectrograph almost completely plane-polarizes the 
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light in the region generally observed, with the result that for cer- 
tain positions of the Nicol it would be almost completely extin- 
guished. The difficulty could be avoided by leaving the Nicol 
fixed with reference to the slit and rotating the whole spectrograph. 
In practice the same result is accomplished by using a half-wave 
plate placed over a fixed Nicol. The half-wave plate is mounted 
on a scale calibrated in degrees so that the angle between its prin- 
cipal axis and that of the Nicol can be observed. By observing 
this angle the direction of vibration of the p-component projected 
on a plane perpendicular to the line of sight can be determined in 
all parts ofthe spot. Since the plane through the sun’s axis and the 
center of the spot is nearly perpendicular to the line of sight, obser- 
vations of points in the spot lying in the plane give directly, with 
good approximation, the inclination of the lines of force toward the 
north or south. The results of 24 observations by Nicholson on 
three typical unipolar spots are as follows, the unit of distance, as 
before, being one-tenth of the radius of the spot. 


Distance from Center Angle Between Lines of 


of Spot Force and Solar Radius 
fc) oY 
g 18 
6 49 
9 73 


The inclinations found by the two methods are shown in Fig. 4, 
where the ordinates are angles between the lines of force and the 
solar radius and the abscissae are distances from the center of the 
spot. The results of the first method are indicated by crosses and 
of the second by circles. Considering the difficulties and uncer- 
tainties of observation, the agreement is excellent. 

Additional information can be obtained by determining the 
relative intensities of the n- and -components of a Zeeman triplet 
in different parts of a spot observed near the center of thesun. The 
results of such observations vary among themselves, but in many 
spots the p-component is strong even at the center of the umbra 
when the spot is near the center of the sun (see Plate Vi, 7). 
This investigation, the results of which are not essential in the 
present study of polarities, is being continued by Nicholson. 
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By taking into account the position of the neutral line and 
avoiding the observation of spots at the extreme limb of the sun 
(where the lines of force along the line of sight are frequently not 
visible at the outer edge of the spot), the polarities of sun-spots 
may be determined with certainty. It is to be understood that 
for this purpose a quarter-wave plate is always used with a Nicol 
prism over the slit of the spectroscope. Serious errors in the 
determination of the relative intensities of the lines of spot triplets 
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Fic. 4.—Inclination (ordinates) of lines of force to sun’s radius at different 
distances from the center (abscissae, in tenths of radius of spot) of sun-spots. _ Crosses 
indicate results from observations of the position of the neutral line. Points are 
from measures of the orientation of the plane of polarization for the p-components 
in spots observed near the sun’s limb. 


may enter, as Zeeman has pointed out, when the observations are 
made without polarizing apparatus. In the case of the 75-foot 
spectrograph, for example, the plane polarization due to the grating 
varies greatly for different wave-lengths and for different orders of 
the spectrum. It is therefore entirely insufficient to determine the 
relative intensities of the lines without complete knowledge of the 
polarization phenomena of the grating and also those of the tower 
telescope. With a Nicol and quarter-wave plate, however, the 
results of polarity observations are essentially unaffected by these 
causes. 
377 
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BIPOLAR SUN-SPOTS © 


In Hale’s first paper, “On the Probable Existence of a Magnetic 
Field in Sun-Spots,’’* photographs were reproduced of two large 
spots, of opposite polarity, lying on opposite sides of the solar 
equator. Other cases which at first seemed to suggest a relation- 
ship between polarity and hemisphere were subsequently found. 
But it soon appeared that the simple law of terrestrial cyclones does 
not apply to the sun;. for spots of opposite polarity were detected, 
not only in the same hemisphere, but also in the same spot-group. 

Thus the large spot (Greenwich No. 6728) observed in the focal 
image of the 60-foot tower telescope on September 24, 1908, was 
seen to have at least three well-defined smaller umbrae, in addition 
to the principal umbra, within the boundary of the large penumbra. 
Photographs of the iron triplet \ 6303, made with the 30-foot spec- 
trograph, showed the three small umbrae to have the same polarity, 
opposite to that of the principal umbra and penumbra. Many 
similar cases have been found, while cases of small companion spots, 
completely separated from a larger member of the group, and differ- 
ing from it in polarity, are also common. 

In one very remarkable instance, illustrated in Plate VIIa and 8, 
two large umbrae of the same spot, separated only by a bridge, were 
of opposite polarity, while the polarities of other members of the 
same group were as indicated in the sketch, Plate VIIc, accom- 
panying the photograph. 

It fortunately happens, however, that cases of mixed polarity 
are not so common as to obscure our perception of a simple unifying 
principle leading directly to the detection of a general law of 
polarities. This has its origin in a well-known peculiarity of sun- 
spots, indicated in the records of the earliest observers, and com- 
mented upon by Carrington. 

Sun-spots frequently occur in pairs, the principal members of 
which may be several degrees apart. The western or preceding 
member of such a group is often the first to be formed, but sooner 
or later a second spot, comparable with the first in size, but fre- 
quently smaller, or split into several components, is likely to appear 
behind it. Sometimes both members of the group appear simul- 

* Mt. Wilson Contr. No. 30; Astrophysical Journal, 28, 315, 1908. 
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PLATE VII 


a, Sun-spot photographed March 9, 1916, in longitude W. 23°, the umbra divided 
by a bridge; 0, iron triplet \6173 observed with Nicol and compound quarter-wave 
plate, the slit occupying the position shown by the line in a; the nearly equal inten- 
sities of the m-components in the same strip of spectrum indicate the presence of 
two fields of opposite polarities; compare with Plate Vi, which shows the appearance 
when only a single field is present; c, sketch showing the distribution of polarities. 
for other members of the group. 

d, Bipolar sun-spot group photographed June 19, 1914; @, f, the iron lines \ 6301.7 
and )6302.7 as shown in the spectra of the three principal members of the group, 
with Nicol and (¢, single; f, compound) quarter-wave plate; the configuration of 
the lines indicates that the two smaller spots are of the same polarity, but opposite 


to that of the largest spot. 
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taneously, and in other cases the following member is formed first. 
Many minor spots usually accompany the larger ones, either clus- 
tered about them or lying in the space between the principal spots. 
It is probably a significant fact that the axis of the group usually 
makes only a small angle with the equator. 


TABLE II 
INCLINATION OF AxIS oF SuN-Spot Groups 
Latitude 
Semicycle re aa 
os 5°-0° Toc re 15°13 °° 20°-24° 25°-20° 30°-3.4° 

Min.—Max. 1856- 

ESOO-a oes 72(3)* || 5°(27) | r0°(69) | 7° °(103)| 8°(60 13°(20 
eh 5°(27 9) | 7°(94) | 9°(103)) 8°(60) | 13°(20) 

BSOg ences t(24)-— 3(127)) 4(48)) 6 (73) (40) | 8 I 
Min.-Max. 1867- eee tae 

EOGE ces 4 (4) 5 (15) | 5 (55) | 6(80) | 6(97)| 9 (45)| 8 (23) 
Max.—Min. 1871- 

DORs on eer 8 | 7(35) | 3 (439)| 6(247)| 6(90) | 8 (65) | 10 (13) | 10 (23) 
Min.—Max, 1879-| 

co eee | 7(zx) | 22) | 4(z05)| 3 (223)) 9(85) | 9 (1) | 14 (0) 
Max.—Min. 1885-| 

SUOOS Sains eee | 3a i272) | 6 (rr0)) 7.3) | 10(7) > | 27) (0) 
Min.~Max. 1889- 

PSO sees ee ee ny (7) o(2t) | 6(8z) | 6 (93) | 10(88) | 10 (46) | 10 (12) 
Weighted mean 

inclination and | 

number of spots 3.7 (118) |2.4 (433)|5.6 (715) |5.8 (596)|8.7 (485) 9.3 (206))10.8 (80) 


* Quantities in parentheses are numbers of spots. 


A study by Joy of the sun-spot drawings of Carrington (1856- 
1861)* and Sporer (1861-1893)? shows that there is little change 
in this angle during the life of the group, but that in the mean the 
angle bears a definite relation to the latitude of the group. ‘Twenty- 
six hundred and thirty-three bipolar and multiple groups, covering 
three and one-half sun-spot cycles, were examined. The following 
spot of the pair tends to appear farther from the equator than 
the preceding spot, and the higher the latitude the greater is the 
inclination of the axis to the equator. ‘This relation holds for both 
hemispheres. The details are shown in Table IT and the results 
are illustrated in Fig. 5. 

1 Observations of Spots on the Sun, London, 1863. 


2 Publicationen der Astronomischen Gesellschaft, 13, 1874; Pub. Astrophys. Obs. zu 
Potsdam, No. 1, 1878; No. 5, 1880; No. 17, 1886; No. 32, 18094. 
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In general, the angle of inclination was found to depend entirely 
on the latitude of the group, without reference to the number of the 
cycle or the time within the cycle. A knowledge of the polarities 
of the spots would have aided greatly in determining the position 
of the axes of the groups. 

The most significant characteristic of these binary spot-groups 
lies in the fact that the two principal members, whether single or 
multiple, are almost in- 
variably of opposite 
magnetic polarity. <A 
photograph made in the 
second-order spectrum 
of the 75-foot spectro- 
graph will serve to illus- 
trate this point, and at 
the same time to indi- 
cate how these polarity 
phenomena may be re- 
corded photographi- 


0 5 10 15 20 25 30 Sch 


Fic. 5—Summary of a statistical study of the 
sun-spot drawings of Carrington and Spérer show- 
ing the variation with latitude (abscissae) in the 
preferential inclination (ordinates) of the axis of 
bipolar sun-spot groups. In low latitudes the axes 
are nearly parallel to the sun’s equator, but with 
increasing latitude the mean inclination increases 
to a maximum of about 11°. 


cally. The long Nicol 
prism and compound 
quarter-wave plate are 
used over the slit and the 
spectrograph is rotated 
in position angle until 
the slit passes through 


the two principal mem- 
bers of the group. A single exposure on a wide Zeeman triplet such 
as \ 6173 or 6303 then gives the polarity of the two members, as 
shown in Plate VII. The spot-group reproduced in Plate VIId from 
a direct photograph made with the Snow telescope on June 19, 1914, 
consisted of a larger preceding spot and two smaller spots to the 
east of it, with various minor companions between them. Plate VIIe, 
from a photograph of the spectrum made with the long Nicol and 
single quarter-wave plate, shows that the two smaller spots were 
of the same polarity, but opposite to that of the largest spot. 
Plate VIT/, taken with the compound quarter-wave plate, not only 
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confirms this result, but also serves to better advantage for the 
study of the weaker fields of the small companion spots lying 
between the preceding and following members of the group. It 
will be seen from this figure that magnetic displacements occur at 
points where no spots are shown, though faint indications of them 
appear in the original negative. 

Analyzing these spectra, we find that there are apparently two 
“spheres of influence” of opposite polarity which meet near the 
center of the group. The first of these is dominated by the large 
preceding spot, while the other comprises the oppositely directed 
magnetic fields of the two following spots. Minor spots of op- 
posite polarity sometimes occur, as already stated, within these 
“spheres of influence,” but the generality of the bipolar effect is 
very strikingly shown by an examination of hundreds of spot- 
groups. 

The preceding and following members of bipolar groups may be 
split into several components, often well separated, and small com- 
panion spots, of either polarity, may be present. Furthermore, the 
strength of the field and the area over which it can be detected may 
be very different for the preceding and following members of the 
group. But if magnetic fields of opposite polarity are distinctly 
shown by the preceding and following members of the pair, the 
essential characteristics of a bipolar group are present. 

The tendency toward bipolar structure is so strongly marked 
that hardly more than ro per cent of all spots observed are wholly 
free from it. In the case of spots which are apparently single, some 
traces of asymmetry, more or less suggestive of the structure of 
bipolar groups, can usually be detected. Sometimes such evidence 
of asymmetry is afforded by faculae following or preceding the 
spot. More commonly, however, especially in the central part of 
the sun, it is necessary to have recourse to spectroheliographic plates 
for the purpose of detecting the asymmetrical structure. In such 
photographs it is usually found that a single spot, or a group of 
small spots all having the same magnetic polarity, is near the pre- 
ceding end of a mass of calcium flocculi elongated in a direction not 
greatly inclined to the solar equator. Much less frequently the 
spot occurs near the following end of such a group of flocculi. In 
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about ro per cent of all cases hitherto observed here the distribu- 
tion of the flocculi is fairly symmetrical to the east and west of 
single spots. 

Thus in the magnetic classification of sun-spots it is highly 
desirable to investigate the magnetic records in the light of infor- 
mation afforded by the distribution of the flocculi.. The calcium 
flocculi serve admirably for the purpose just stated, but in order to 
study the characteristic vortex structure associated with bipolar 
spot groups we must have recourse to spectroheliograms of the 
hydrogen flocculi, taken under high dispersion with the light from 
the center of the Ha line. 

In a later paper the characteristics of these bipolar groups will 
be discussed more in detail, and a variety of evidence bearing on 
their nature will be presented. Our immediate purpose is to pre- 
sent a scheme of magnetic classification and to bring out the fact 
that the recognition of this typical structure, even in the rudimen- 
tary form where the second spot is absent* and represented only 
by a train of flocculi, is essential to an intelligent discussion of the 
distribution of spots of different polarities in the northern and 
southern hemispheres of the sun. 

The methods described above for recording polarities can of 
course be applied to the more complicated groups as well as to 
those of the simple bipolar type. A case of unusual complexity is 
illustrated and described in Plate VIII. 


MAGNETIC CLASSIFICATION OF SUN-SPOTS 


Our scheme of classifying sun-spots is based primarily upon the 
determination of their magnetic polarities. Supplementary evi- 
dence is frequently needed, however, and this is supplied, as already 
stated, by calcium and hydrogen spectroheliograms. Three classes 
of spots are included in the scheme: (a) unipolar, (8) bipolar, and 
(y) multipolar. These may be subdivided as indicated below. 

(a) Unipolar spots —Single spots, or groups of small spots, hav- 
ing the same magnetic polarity. It should be noted, however, that 

* In view of the fact that the general absorption in the spectrum of a spot increases 


greatly in passing from red to violet, it may perhaps become possible to photograph 


very faint spots, invisible to the eye, by using ultra-violet light of the shortest possible 
wave-length. 
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PLATE VIII 


a, b, ¢, Photographic observations of a multipolar sun-spot group on August 8, 
1917, similar to those described in Plate VIId, c, f, the spectral line in this case being 
the iron triplet \6173; the lack of definition in a is due to poor seeing, together with 
the fact that it is a photograph of the image of the group formed by the 150-foot 
telescope, projected on a card mounted above the slit of the spectrograph. 

d, An enlarged photoheliogram of the same group made with the 60-foot tower 
telescope on August 6, 1917, under good atmospheric conditions. 
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PLATE XI 


CLASSIFICATION OF MULTIPOLAR SUN-SPOTS 


a, Photoheliograms; }, K. spectroheliograms; c, Ha spectroheliograms; By, an inter- 
mediate type, observed August 5, 1915; y, July 25, 1917. Plate VIIId shows the photo- 
heliogram of a large and unusually complicated y group. 
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unipolar spots, and the chief components of bipolar groups, may 
occasionally have small companions of opposite polarity, which 
play such a minor and sporddic part in the group that they are dis- 
regarded in the classification. 

Unipolar spots, whether single or multiple, may be divided into 
three groups, which are illustrated in Plate IX: 


(a) Those in which the distribution of the calcium flocculi is fairly sym- 
metrical preceding and following the center of the group. 

(ap) Those in which the center of the spot-group precedes the center of 
the surrounding calcium flocculi. 

(af) Those in which the center of the spot-group follows the center of 
the surrounding calcium flocculi. 


(8) Bipolar spots ——The simplest and most characteristic bipolar 
spot-group consists of two spots of opposite polarity. The line 
joining the two spots generally makes only a small angle with the 
solar equator. Each member of the group may be accompanied 
or replaced by many small spots, but the great majority of the spots 
constituting the preceding and following members of the group are 
of opposite magnetic polarity. One or more companion spots, of 
polarity opposite to that which characterizes the corresponding 
region of the group, sometimes occur in association with either the 
preceding or following member. 

Bipolar spots may be divided into four groups, illustrated in 
Plates X and XI By: 


(8) Those in which the leading and following members, whether single or 
multiple, are approximately equal in area. 

(Bp) Those in which the leading member is the principal member of the 
group. 

(Bf) Those in which the following member is the principal member of the 
group. 

(By) Those in which the preceding or following members are accompanied 
by minor companions of opposite polarity. 


(y) Multipolar spots. Groups of this character, comprising 
hardly more than 1 per cent of the total number of spots ob- 
served, contain spots of both polarities so irregularly distributed 
as to prevent classification as bipolar groups (see Plates VIII 
and XIy). 


383 


20 G. E. HALE, F. ELLERMAN, S. B. NICHOLSON, A. H. JOY 


MAGNETIC CLASSIFICATION OF 970 SUN-SPOTS OBSERVED DURING 
IQI5~1917 

While it is obvious that the changes that occur during the life 
of a spot must preclude a hard-and-fast determination of type, it 
may be interesting to give the preliminary results of a classification 
by Nicholson of the spots observed since our present method of 
recording was put into effect in 1915. In presenting the following 
figures it should be stated that they are provisional, and there- 
fore subject to revision in the light of further study. Table III 
is self-explanatory, giving the number of spots observed in both 
hemispheres during 1915, 1916, and 1917, classified according to 
the system already explained. 

Several interesting facts are brought out by this table. Most 
notable of these is the strong tendency toward the bipolar type, 
indicated not only by the large percentage of bipolar groups, but 
also by the small proportion of symmetrical unipolar spots. 
Another striking fact is the dominance of preceding spots, shown 
by the high percentage of Bp spots as contrasted with 6f spots, 
and also indicated by a similar preponderance of ap over af spots. 
The constancy of the percentages for the successive years, and the 
very small number of multipolar (y) spots, should also be noted. 

The results of magnetic observation, revealing the great pre- 
ponderance of bipolar groups, are closely in harmony with the 
conclusion reached by Father Cortie in his valuable paper ‘‘On the 
Types of Sun-Spot Disturbances.’”* After describing the various 
types he remarks: 

The chief type, however, of which the above mentioned are in most, pos- 
sibly in all, cases but phases, is the double-spot formation, with a train of 
smaller spots between the two principal spots of the group, the whole group 
generally drifting into more or less parallelism with the solar equator. In 
this form the principal spot, which eventually becomes a normal spot of regular 
outline, is generally the leading spot, but in many cases it is the following 
spot, while sometimes the preponderance in area alternates between the two, 


as the group traverses the disk. In yet rarer instances both the chief spots 
develop as regular spots. 


A discussion of the details of sun-spot formation and dissolution, 
and of the relationship between spot polarities and the structure 
t Astrophysical Journal, 13, 260, 190. 
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of the accompanying hydrogen flocculi, must be reserved for another 
paper. Here it is our purpose to consider only such phases of these 
and other questions as beat directly upon the derivation of a law 
of sun-spot polarities. 

TABLE III 
MAGNETIC CLASSIFICATION OF 970 SPOTS 


a ap of | 8 Bp Bf By | y | URIS) otal 
ae Bae — 
ONES Rare aos cee LO 17= § iy Asp ew 3 rr | 99 
: | Rae PT ere eNE aks + TO) A: De Gy a ° 3 83 
TERY LOta low soctct so: 7 B30 0 AS fi ge 3 14 182 
(Percentages ....... | Tey aie GS Ph OR ei al 2 8 
— i ——— 
Total percentages....... | 32 | 58 
INS ee eer cee ich 222 Omer WO OR WAG ° 8 I9t 
See eae ge ew 23 iy By ae © ° 7 147 
EO ROT POtALSS cco carere e/a Sop gS ez: 8! 66 I00 25 13 ° 15 | 338 
bea. i iebewctace 146) ad) = 2) 20m OM me ° 4 
| -—— 
Wotalipercentages 72... - 35 | 61 | 
IN epaon nce rie Souter: Dig yl we COM O2 et 7nG 3 3 241 
Sed lors teres lon ihe FO AEE ASS OO gra 27 ° 5 200 
EOE el Obdliaci seca ie OS 6) Taio) TE pase 216) B 8 45° 
CEETCEMEARCS oe cae Q Bi Z AS Fy OG A I 2 
Total percentages....... Be 65 
SUMMARY (PERCENTAGES) 
Sr (Weeki | reef ete <= Bb Ninsh UN ey All ere gh COC 
OWE Felo note ree 9 18 5 21 28 5 4 2 8 
EOEOw ace sires 16 16 4 20 30 i 4 4 
EQ Gatun ace dee ote 9 75 2 20 29 6 4 it 2 
Mieaiease, ess. 0 | «1 18 4 22 29 6 4 To 1| 5 
Total number) | 
of spots ...}| 111 182 BO) 223) 1282 62 37 6 By 


POLARITIES OF SPOTS IN THE NORTHERN AND SOUTHERN HEMISPHERES 


For the purpose of deriving a law of sun-spot polarities we may 
regard unipolar spots (ap) followed by a train of flocculi as pre- 
ceding spots of incomplete bipolar groups, and those (af) which are 
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preceded by a train of flocculi as following spots of such groups. 
During the last sun-spot cycle (observations from June 1908 to 
December 1912) it was found in the great majority of spots 
observed that the ‘‘marked strip” of the compound quarter-wave 
plate transmitted the violet component of preceding spots in the 
northern hemisphere and of following spots in the southern hemi- 
sphere. It naturally follows, from the characteristics of bipolar 
groups, that during the same period the marked strip transmitted 
the red component of following spots in the northern hemisphere 
and of preceding spots in the southern hemisphere. The numbers 
of spots observed are given in Table IV. 


TABLE IV 


REGULAR IRREGULAR 


RANGE IN AVERAGE 
LATITUDE LATITUDE 


N S 
Vp-Ry Rp-Vf Total N S Total 


(June 1908 to De- 
cember 1912) 


| 
Ihast cyclen saree ee 7 17 BIN) || & 2 LO0 to 37 oo 


Thus while the bipolar characteristic of sun-spots introduces an 
element not encountered in the case of terrestrial storms, the oppo- 
sition in polarity north and south of the solar equator is analogous 
to the opposite direction of whirl, invariably observed in the case 
of northern and southern cyclones and tornadoes. 

After the sun-spot minimum, which occurred in December, 1912, 
we found, to our surprise, that the polarity of the members of 
bipolar groups was opposite to that observed before the minimum. 
That is to say, the marked strip of the compound quarter-wave 
plate now transmits the red component of the preceding spots of 
bipolar groups in the northern hemisphere and the violet compo- 
nent of the preceding spots of bipolar groups in the southern hemi- 
sphere. 

This sudden change was so remarkable that it was feared some 
observational error had been made. The results have been checked 


* Few spots were observed during this cycle, because attention was then con- 
centrated upon a small number of very large spots. 
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repeatedly by different observers, however, and in all cases the 
conclusion has been the same. The first observations of the former 
cycle were made with the 6efoot tower telescope and 30-foot spec- 
trograph, but before the end of the cycle the 150-foot tower tele- 
scope and 75-foot spectrograph were put into commission, and this 
work was transferred from the old to the new tower. Thus the 
danger of any confusion due to the change of spectrographs and 
polarizing apparatus was eliminated, as the results obtained with 
the 150-foot tower telescope during the former cycle were in har- 
mony with those secured with the 60-foot tower telescope during 
the same period. During the former cycle the observations were 
both visual and photographic, but since the beginning of the present 
cycle most of the polarities have been determined visually, though 
the results have frequently been checked photographically. 


TABLE V 
REGULAR | IRREGULAR 
} | ee IN | AVERAGE 
SE) r J L 
PRESENT CYCLE | a Se . oes | Pret ena s Total ATITUDE ATITUDE 
| pa ee | | 
| | 
NOUS LOLA sae) LS 14%| BR |) ae I 2 | 34° to 13° age 
TOES eee See le 72, 68 | 141 2 ° Hy Wgxey oe axe) 
TOROS REIS nee 166 120 | 286 7 7 yh | ay 17 
ONG fae Re Cae | 221 193 | 414 8 6 We |b fox OF a 14 
| | 


The observations of the present cycle are given in Table V, which 
corresponds with Table IV except for the fact that in Table V the 
polarities are classed as “‘regular”’ when the marked strip transmits 
the red component in preceding spots of the northern hemisphere, 
whereas during the former cycle it transmitted the violet component 
in such spots. 

In a preliminary paper describing the observed change of 
polarity at the last sun-spot minimum,’ it was suggested that the 
explanation might be connected with the difference in latitude of 
the spots of the old and new cycles. The mean latitude of the 
spots observed during the old cycle was 9°, while that of the spots 


tHale, Mount Wilson Communication, No. 10; Proceedings National Academy of 
Sciences, 1, 385, 1915. 
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observed up to that date during the new cycle was 23°. It there- 
fore seemed possible that there might be two zones on the sun, of 
low and high latitude, in which the polarities of spots were of 
opposite sign. 

This view of the case, however, has not been borne out by time, 
as the results given in Table V indicate. The percentage of irregu- 
lar spots has not increased materially during the present cycle, 
although their mean latitude has decreased from 22° in 1913-1914 
to 14° in 1917. The maximum of solar activity has also definitely 
passed, so that it can hardly be supposed that any reversal of 
polarity will be observed before the close of the cycle, unless it 
should be found to lag considerably behind the maximum. 


DISCUSSION OF RESULTS 


The present investigation should ultimately lead to the formula- 
tion of a definite law of sun-spot polarities, from which the polarities 
of normal spots of any type can be predicted for either hemi- 
sphere and for any epoch in the sun-spot cycle. We already know 
that the preceding and following spots of binary groups, with few 
exceptions, are of opposite polarity, and that the corresponding 
spots of such groups in the northern and southern hemispheres are 
also opposite in sign. Furthermore, the spots of the present cycle 
are opposite in polarity to those of the last cycle (see Fig. 6, in 
which these results are expressed graphically). It is evident, how- 
ever, that the formulation of a law of polarities cannot be under- 
taken until after the close of the present cycle, when it will be 
learned whether a reversal of sign is actually characteristic of the 
sun-spot minimum. | 

After an empirical law of spot polarities has been formulated, 
the problem of its interpretation will remain. The possibility of 
expressing such a law in the same terms that apply in the case of 
terrestrial storms depends upon the possession of data still beyond 
our reach. Thus the view that sun-spots are vortices depends upon 
the assumption that the magnetic field must be caused by elec- 
trically charged particles whirling in a vortex. Supposing that the 
existence of a true hydrodynamical vortex and the direction of the 
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whirl within it can be determined by observations of the Evershed ' 
effect, or in some other way, the sign of the dominant charge will 
follow at once from our knowledge of the magnetic polarity of the 
spot in question. Or, if the sign of the charge can be independently 
found, the direction of the whirl will follow. 

In Hale’s first paper on 
the Zeeman effect in sun- 
spots, the sign of the domi- 
nant charge was found to be 
negative by proceeding on 
the assumption that the di- 
rection of whirl in the spot 
vortex coincides with that in 
the hydrogen vortex above 
it. A long series of observa- 
tions of the hydrogen floc- 
culi has since shown that 
this assumption is probably e 
unwarranted. A good ma- Fic. 6.—Diagram summarizing the results 
jority of the hydrogen whirls of polarity observations of sun-spots during 

, , the present and last cycles. The arrow indi- 
associated with preceding 


PRESENT 


— F-29999 — 
CYCLE 


@@ 
R Vv 


cates the direction of the sun’s rotation; the 
spots are right-handed in the letters R and V, the components of a normal 


triplet transmitted by the ‘‘marked strip” of 
the compound quarter-wave plate; and the 
algebraic signs, the distribution of the polari- 
ties between the preceding and following 
members of a bipolar group. Unipolar spots 
are normally of the same polarity as the 
preceding members of bipolar groups in the 
same hemisphere. 


southern hemisphere and 
left-handed in the northern 
hemisphere, as in the case 
of terrestrial storms, but 
there are many exceptions 
to this rule. Moreover, the 


hydrogen whirls showed no 

reversal of direction at the sun-spot minimum, and during the 
present cycle we have found cases in which either right-handed 
or left-handed hydrogen whirls are associated with spots of a 
given polarity. The whole subject is so complex that it will be 
advantageous to postpone further discussion until the great mass 
of observational material at our disposal can be more exhaustively 


studied. 
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SUMMARY 


1. The magnetic polarity of a sun-spot can be determined by 
observations, made with Nicol and quarter-wave plate, of the 
relative intensities of the x-components of a Zeeman triplet in its 
spectrum. 

2. Such determinations of polarity can be made at almost any 
position on the sun’s disk, but certain precautions must be taken 
to avoid error in the case of spots near the limb. 

3. The inclination of the lines of force in sun-spots can be 
measured with considerable precision. 

4. About 60 per cent of all sun-spots are binary groups, the 
single or multiple members of which are of opposite magnetic 
polarity. 

5. Unipolar spots usually exhibit some of the characteristics of 
bipolar groups. 

6. Before the last sun-spot minimum, the magnetic polarity of 
unipolar spots and of the preceding members of bipolar spots was 
positive in the southern and negative in the northern hemispheres 
of the sun. 

7. Since the minimum these signs have been reversed. 

8. The paper describes a scheme of classifying sun-spots on the 
basis of their magnetic properties. 

9. The results of a magnetic classification of 970 spots observed 
during the years 1915-1917 are briefly summarized. 


Mount Witson SoLaR OBSERVATORY 
November 11, 1918 
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A FURTHER STUDY CF METALLIC SPECTRA 
PRODUCED IN HIGH VACUA 


By EDNA CARTER anp ARTHUR S. KING 


Using the methods employed in a former investigation,’ we have 
made a study of the spectra of manganese, titanium, magnesium, 
and cadmium, as produced by vaporizing the substance through the 
heating effect of a stream of cathode rays and exciting the vapor to 
luminescence by the bombardment of the cathode particles. The 
spectra thus obtained seem to be quite definite and characteristic 
of this mode of excitation. Additional observations of the calcium 
spectrum have confirmed the previous results, and for the iron 
spectrum a considerable number of lines has been obtained with a 
slightly different arrangement of circuit. 

The form of the discharge-chamber is similar to that used in the 
previous work. In order to withstand the heat developed by the 
heavier discharge required to vaporize the more refractory metals, 
the parts formerly of glass were replaced by fused quartz or silica- 
ware. The glass bell-jar was superseded by an inverted crucible of 
silica-ware eight inches in diameter. Through the top a hole was 
bored into which a tube, 7, Fig. 1, of opaque quartz was fitted by 
tapering it slightly at the end. Through this was passed another 
similar tube, which was fitted into a hole bored into a small quartz 
crucible, B, about two inches in maximum diameter. This flared 
around the cathode, C, and helped to concentrate the discharge. 
The aluminum cathode was melted by the heat, so it was replaced 
by a more massive one of copper faced with iron. This was con- 
nected by a copper rod with a copper receptacle, E, in which ice 
was placed. The joints were cemented with sealing-wax. In the 
large crucible two holes were bored opposite each other, into which 
tubes bearing quartz windows were set for viewing and photo- 
graphing the luminescence spectrum just above the anticathode. 


t Mt. Wilson Contr. No. 125; Astrophysical Journal, 44, 303, 19106. 
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The base-plate of 2-inch glass was retained, protected from the 
heat by a 23-inch aluminum plate, D, supported a short distance 
above it. An opening in the aluminum plate, covered by a 
quartz window, permitted a view of the discharge from below. 
The anode, A, was introduced through a quartz tube, which 
projected through the base-plate and the aluminum plate. The 
metal to be examined, M, was contained in a quartz tube supported 
in a base-plate, F, of the same material. The tube was slotted 
vertically at the upper end to 
expose the luminescent vapor, 
while also confining it. The 
metal was placed just below the 
slot, the quantity used depend- 
ing upon the ease with which it 
could be vaporized. 

The discharge was produced 
by a transformer with a rotary 
spark-rectifier. The evacuation 
was effected by two rotary oil 
pumps in series. In general, the 
metal, as soon as it began to 
vaporize, aided the evacuation 
by absorbing the gases in the 
chamber. Sometimes the ab- 
sorption was so complete that 
it was necessary to leave a fine 
capillary tube open to the out- 
side air in order to keep up the discharge. The iron vapor did 
not seem to have this absorbing power, so that it was difficult to 
obtain a satisfactory spectrogram of iron except by making the 
metal the anode. When a Fe-Mn alloy was used there was no 
trace of iron in the spectrum of manganese thus obtained, although 
a hole several millirneters deep was made in the metal at the focus 
of the rays. 

The spectra were photographed for the most part in the first 
order of a 1-meter concave grating, the scale being 1 mm=17 A. 
In order to detect any differences in the spectrum at different 
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distances from the hot metal, photographs of the spectra of 
titanium, magnesium, and calcium were also made with a quartz 
spectrograph, but no notable difference was found. The expo- 
sure time varied from fifteen minutes in the case of cadmium, 
with a discharge current of about 5 milliamperes and a parallel 
spark of 20-30 mm, to seventy minutes for titanium, the current 
being 9-12 milliamperes and the parallel spark 60-120 mm in 
length. It was imprudent to run this latter discharge more than 
ten minutes at a time on account of the warming of the sealing-wax 
joints. 
MANGANESE 

The number of manganese lines identified is the largest thus far 
photographed in luminescence spectra. The best spectrogram was 
obtained with a current of 8 milliamperes, the parallel spark-gap 
being about 5cm. The lines which appear in the luminescence 
spectrum are listed in Table I, with their intensities in this source 
and for the furnace (at about 2200°C), arc, and spark. The 
intensities for the arc and spark are taken from the tables of Exner 
and Haschek, and, while on a different scale from the other estimates, 
they serve to show in which of these two sources a line is relatively 
strong. 

A comparison of the luminescence lines with those of the three 
other sources serves to show the distinctive character of the lumi- 
nescence emission. Among the lines relatively strong in the spark, 
only \ 4235 is notably strong in the luminescence. Of a group of 
nine enhanced lines from \.3442 to 3498 only a trace of the 
strongest appears. 

An inspection of Table I shows also many divergences of the 
luminescence spectrum from that of the furnace. A notable 
contrast is given by the moderately strong luminescence lines 
AA 4058, 4060, and 4062, which do not appear in the furnace. The 
resemblance to the arc spectrum is closer, but this is found to result 
from the fact that the luminescence emission picks out certain arc 
lines and gives them with high intensity. That most of the lumi- 
nescence lines appear also in the furnace is a consequence of the 
usual condition that most of the arc lines are given with greater or 


less intensity by the furnace. 
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TABLE I 
MANGANESE 
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(a) Luminescence and (5) arc spectra of manganese 
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TABLE I—Continued 
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Two sections of the manganese luminescence spectrum, with that 
of the arc for comparison, are reproduced in Plate XII. While 
many of the luminescence lines are too faint to appear in the copy, 
the general effect of certain arc lines being brought out while other 
strong ones are absent may be clearly seen. 


TITANIUM 


The titanium luminescence lines are given in Table II, with the 
arc and spark intensities of Exner and Haschek for comparison. 
The results, considering the high melting-point of this element, 
show the possibility of studying the more refractory substances by 
this method. It will perhaps be sufficient to note briefly the points 
of difference from the furnace, vacuum arc, and the arc and spark in 
air, photographs of which were available for comparison. As 
for manganese, a decided selective action by the luminescence is 
apparent, many strong arc lines being absent or very faint. A 
comparison with the furnace spectrum, however, shows many 
resemblances. The prominent luminescence lines are strong also 
in the furnace and reverse at high temperature, their relative 
strength in a given region often being not greatly different in the 
two sources. There are exceptions, however, to this rule, and 
strong furnace lines are frequently lacking in the luminescence 
spectrum. There is an absence of even a slight approach to the 
spark spectrum, since the enhanced lines of titanium, many of 
which appear with considerable strength in the arc and can be 
obtained faintly even in the furnace, are either absent in the 
luminescence or among the fainter lines of this spectrum. The 
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TABLE IIl—Continued 
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titanium vacuum arc also does not show differences from the 
ordinary arc in the direction of a resemblance to the luminescence 
spectrum. The effects point to a distinctive character in the 
emission resulting from the cathode bombardment. 


MAGNESIUM 


Magnesium metal was used as the anticathode, and spectra 
were obtained both for the usual arrangement with an insulated 
target and when it was connected as anode. ‘The intensities of the 
lines under these conditions are given in Table III. The difference 
found was chiefly in the general intensity of the light, the anode 
connection giving a much stronger spectrum when the same length 
of parallel spark was used. 

An interesting mixture of arc and spark lines is presented by 
these high-vacuum spectra. Six ultra-violet enhanced lines, 
NA 2791, 2796, 2798, 2803, 2929, and 2937, are strong for both 
arrangements of the anticathode. These are placed by Fowler* 
in a series of ‘wide doublets.’”” The much-studied enhanced line 
» 4481, belonging to a different series, is just visible in the lumi- 


t Philosophical Transactions of the Royal Society, A, 214, 225, 1914. 
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nescence spectrum, and in the anode spectrum is much weaker than 
the adjacent arc lines. The ultra-violet doublets appear in the 
ordinary arc in air, while \ 4481 does not. It appears that in the 
high-vacuum spectra for magnesium we have a slight approach to 
the spark spectrum, but not as pronounced as can be obtained in the 
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MAGNESIUM 
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arc under special conditions, either in air at a few millimeters 
pressure, in hydrogen, or in the ‘‘tube-arc”’ formed when the furnace 
tube is burned apart at a low voltage. In these sources \ 4481 
appears with great intensity. Without further data on the state 
of the electric field producing the high-vacuum spectrum, it is 


perhaps useless to speculate on what features may bring about this 
difference. 
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The line \ 4571, faint in both arc and spark, is strong in the 
luminescence and in the anode spectra. This furnished the only 
point of similarity to the furnace spectrum, in which at low 
temperature \ 4571 dominates this region of the spectrum. 

A high intensity of the Rydberg series of single lines is a notable 
feature of both of the high-vacuum spectra. The members in this 
list are AX 5529, 4703, and AA 4352-3987. Two other lines of this 
series appear, which have been observed by Fowler and Payn? 
in the vacuum arc. We have obtained these two lines also by 
prolonged exposure of the magnesium arc in air, the spectrum being 
formed by the 15-foot concave grating. Their wave-lengths were 
then measured as 3938.6 and 3904.0, close to the calculated values 
of the tenth and eleventh members of the Rydberg series. 

Janicki and Seeliger? obtained several metallic spectra in a 
discharge at low pressure and observed the lines occurring near the 
anode and cathode respectively. Those in the positive column 
were the stronger arc lines, while in the cathode glow the spectrum 
contained also enhanced lines. Comparing their results for mag- 
nesium with ours, it is evident that the presence of enhanced lines 
in the luminescence spectrum and in that obtained with the anti- 
cathode connected as anode corresponds most nearly with conditions 
in the cathode glow spectrum of Janicki and Seeliger, even when 
we observed the vapor close to the anode. The vacuum employed 
by us was probably much higher than the vacuum they used, and 
the similarity to the cathode glow spectrum indicates that, with a 
high vacuum and the concentration of cathode particles which we 
have employed, the cathode emission is transferred to the focus of 
the stream at the anticathode. With magnesium the effect of the 
cathode bombardment at this point appears to be practically the 
same when the anticathode is also the anode. 


CADMIUM 


The cadmium luminescence spectrum shows a much closer 
similarity to that of the spark than was found for magnesium. The 
lines obtained are listed in Table IV, with their intensities, and also 


* Proceedings of the Royal Society, 72, 253, 1904. 
2 Annalen der Physik (4), 44, 1151, 1914. 
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the arc and spark intensities given by Exner and Haschek. Three 
enhanced lines, \A 3250.51, 3535-83, and 4415.89, are among the 
stronger lines of the luminescence spectrum. Certain strong arc 
lines are seen by the table to be greatly weakened in the 


luminescence. 
The vacuum arc spectrum of cadmium was photographed for 


comparison, but no large difference from that of the arc in air was 
observed, the effects offering a decided contrast with those for 
magnesium, for which the spectrum of the arc in vacuum is more 
like that of the spark than is the luminescence spectrum. 


S 


TABLE IV 
CapMIUM 
| 
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mea noe widely in arc, with low photographic density. Not given in arc tables of Exner 

A comparison with the results of Janicki and Seeliger™ shows, as 
with magnesium, a qualitative correspondence with the spectrum 
of the negative glow, the lines strengthened in the luminescence 
spectrum being absent in that of the positive column. 


CALCIUM 


Two successful spectrograms for calcium with the quartz 
spectrograph confirmed the effects described in the former paper, 
the distinctive features being great intensity of \ 4227 and relatively 
high strength of the spark line-pairs and members of the single-line 
series. The position of the luminescence spectrum of calcium with 
reference to the arc and spark spectra is about the same as in the 
case of magnesium. 


t Loc. cit. 
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ANODE SPECTRUM OF IRON 


Several attempts to obtain the luminescence spectrum of iron 
yielded no better results than those reported in the former paper. 
An experiment in which the anticathode was made the anode, 
however, gave a spectrum of such distinctive character that it seems — 
worth while to print a list of the lines which appeared and the results 
of a brief comparison with other sources. The vapor a few mil- 
limeters above the anticathode was photographed in the same way 
as when the anticathode was without anode connection. A current 
of 15 milliamperes was used, with a parallel spark-gap in air varying 
from 22 to 38 mm. 

The lines of the spectrum thus obtained, with their intensities, 
are given in Table V. The effect is that of a picking out of certain 
arc lines, but this selection results in a spectrum apparently unique. 
Among its many differences from the ordinary arc or spark spectrum 
may be mentioned the extreme faintness of the triplets, whose 
strongest lines are at \ 4045 and. A 4383, and the absence of 
enhanced lines. Certain low-temperature lines are strong, \ 4376 
being twice as strong as \ 4383, while \X 4427, 4461, and 4482 are 
relatively prominent. This feature can be reproduced at low 
temperatures of the electric furnace, from 1500° to 1600° C., and 
in the low-temperature flames. In the furnace at this temperature, 
however, \ 4260 does not appear, and the very strong anode line 
4227.45 belongs also to higher furnace temperatures. The 
vacuum arc spectrum of iron shows no approach to this high- 
vacuum spectrum. In the ultra-violet, while many of the strong 
lines are prominent also in arc, spark, and furnace, others are 
abnormally strong in the anode spectrum, and many arc lines of 
high intensity do not appear. The extension toward shorter waves 
is much beyond that reached by the high-temperature furnace, 
though the spectrum of the latter is richer in the region which it 
covers. 

Plate XIII illustrates the strongly selective action of the anode 
discharge as compared with the arc in air. The lines not belonging 
to iron are the manganese triplet at \ 4030 and several nitrogen 
bands. ‘The latter occur in both the negative and the positive pole 
groups. The presence of the negative bands is another indication 
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Both 


kinds of bands were found also when the anticathode was insulated. 


ANODE SPECTRUM OF IRON 
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Fairly rich spectra of manganese, titanium, iron, magnesium, 
calcium, and cadmium have been obtained by vaporizing the metal 
at the focus of a beam of cathode rays in a high vacuum and photo- 
graphing the spectrum of the vapor in the path of the rays. The 


SUMMARY OF RESULTS 
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spectrum of iron was obtained by making the anticathode the anode, 
but photographs of the magnesium spectrum made in both ways 
indicated that, although the spectrum was more intense when the 
metal acted as anode, it did not differ in character from that 
produced with a separate anode so placed that the anticathode was 
out of the path of the current. 

Comparison of these luminescence spectra with the arc, spark, 
and furnace spectra of the same elements shows that, although in 
general the majority of the lines are those easily excited in the arc 
and furnace, the following peculiarities mark this as a source having 
special characteristics: 

1. Certain arc and furnace lines are intensified, while other lines, 
strong in these sources, are greatly weakened or are absent. 

2. The resemblance to the spark spectrum, as measured by the 
tendency to give enhanced lines, differs greatly for different ele- 
ments. The production of enhanced lines is very marked in the 
case of cadmium; they are present also to a considerable extent 
with magnesium and calcium, but to a very slight degree for 
titanium, manganese, and iron. 

3. Where series relations are known, ‘“‘single-line” series are 
likely to show a relatively greater intensity than other series lines. 

4. There is a relatively high intensity of lines in the ultra-violet 
as compared with the arc and furnace spectra. 


Mount Witson SOLAR OBSERVATORY 
March 1919 


403 


Contributions from the Mount Wilson Solar Observatory, No. 167 


od 


INVESTIGATIONS ON PROPER MOTION 
FIRST PAPER: THE MOTIONS OF 85 STARS IN THE NEIGHBOR- 
HOOD OF ATLAS AND PLEIONE 
By ADRIAAN VAN MAANEN 


In 1913, soon after the 80-foot equivalent focus of the 60-inch 
reflector had been adapted for direct photographic work, a photo- 
graph of thirty minutes’ exposure was secured of a portion of the 
Pleiades. The center of the plate is halfway between Atlas and 
Pleione; and in a field about 24’ by 30’ are shown 85 stars which 
have measurable images, the faintest being of magnitude 15.7 on 
the scale published by Hertzsprung.* 

In 1918 several more exposures were made and two of fee 
recent photographs have been compared with the 1913 plate. In 
the interval of five years the motion of the stars belonging to the 
Pleiades group surpasses a quarter of a second of arc, large enough 
to be easily detected on plates of our scale (1 mm =8"227). 

Apart from the possibility of detecting some fainter members of 
the group, a discussion of this material should afford evidence as 
to what accuracy can be reached with this instrument in analogous 
researches. In the parallax work I have restricted my measures 
to stars whose distances from the center of the plate are usually 
less than 8’ and always less than 10’; for other lines of work it 
might be worth while to use larger fields, if the accuracy would 
permit. The results of this paper will show that we can advan- 
tageously use all the stars on plates 8X10 inches for which the 
_available field is approximately that indicated above. 

As several succeeding papers will deal with similar material, 
I shall give here a full account of the procedure followed; in the 
future it will be necessary to give only the details in which we 
deviate from this scheme. 

The data for the plates used in the present discussion are col- 
lected in Table I, which, in the successive columns, gives the 

t Astronomische Nachrichten, 199, 247, 1914. 
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current plate number, the date of exposure, the observer, the 
quality, and the hour angle at the middle of the exposure. 


TABLE I 
Plate No. | Date Obs, | Qy H.A. 
SS ede corey NG 1913 Nov. 22 Cc f — 6°7 
DOVA ane 1918 Oct. 29 H fg — 1.0 
2O20 nea ee 1918 Nov. 10 H fg —13.2 
- THE MEASURES 


'.The plates were measured differentially with the monocular 
arrangement of the stereocomparator in four positions, with east, 
west, north, and south, respectively, in the direction of the increas- 
ing readings of the micrometer screw; they were oriented by means 
of a trail, inserted on plate 2029. 

In order to eliminate any relative displacements due to the 
measuring instrument, plate 55 was placed in the right-hand plate- 
carrier while compared with 2014 and in the left when compared 
with plate 2029. 

The measurement of all the stars in one position of the plates 
requires several hours, distributed over a whole day; I therefore 
followed a slightly different procedure from that used in the 
parallax work, where the measures of a pair of plates in one posi- 
tion take only a short time. Three settings were made on each 
image of stars 1, 2... . 85, after which two more settings were 
made in the reverse order. Any relative shift of the two plate- 
carriers during a series of measures can thus be detected. When 
the discrepancy between the two sets of measures on one star was 
larger than would be expected from the internal consistency of 
successive settings, that star was measured again five times. The 
total number of cases where remeasuring seemed necessary was 
65 out of 652 cases, or 10 per cent. No systematic differences 
could be detected, and in practically all cases the discordance can 
be explained by the quality of the images; 44 of the 65 stars 
remeasured are at distances from the center greater than 10’, 
where the images are likely to be somewhat distorted, while most 
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of the other cases belong to the very faintest or the very brightest 
stars on the plates, both of which are more difficult to measure: 
The results are therefore a stfong recommendation for the usefulness 
of the stereocomparator, a point also corroborated by the small 
probable error in the final proper motions. a9 

It goes without saying that care was taken to keep the tempera- 
ture'of the room as constant as possible; in no series of measures 
did the range exceed 1° C. 


THE REDUCTIONS 


In the reductions the two measures of each pair of plates i in 
right ascension were combined into one set; the same was doné 
ior the measures in declination. The means M, and Ms, with 
indices 1 and 2 for the two pairs of plates, were then used 1 in “equa: 
tions of the form: 

a+bs+cy+m.=M Js 
a’ +¥'x+c'y+ms=Ms, — a: 


in which a, b, c, a’, b’, and c’ are plate constants, x and y the co- 
ordinates of the star in decimeters, and m, and m; the components 
of the proper motion of the star in the interval expressed in divisions 
of the micrometer screw. To derive the plate constants, we make 
the usual supposition that m, and m; in the mean are equal to 
zero and are not functions of « and y. We can then solve equa- 
tions (1) for a, 0, c, a’, b’, c’ by least squares. For the deter- 
mination of the constants the three stars, Atlas, Pleione, and 
Bessel 33, were excluded, both on account of their brightness and 
because they were known to share the motion of the Pleiades group. 
The solution was made separately for both pairs of plates in a and 
5. The substitution of the values for the constants into equa- 
tions (x) then gives m1, Ma2, Ms, and m;,. Finally, to derive the 
annual proper motions in o’0o1 as a unit these values must be 
multiplied by: 


value of a division of the micrometer screw in 07001 (2) 


ae interval in years between the plates 


For pair 2014-55, g=0.330; for pair 2029-55, g=0.328. 
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From the mean annual proper motions pw, and us so derived it 
was seen, when they were plotted, that the influence due to the 
neglect of the quadratic terms of x and y in the reductions could not 
be very large; for several reasons, however, it seemed best to repeat 
the reductions with the inclusion of these terms. 

-It is easier to use the values yi, and uw; than M, and M; since 
we can then deal with smaller numbers. For the further reduc- 
tions it is, moreover, advisable to exclude those stars which, in the 
first solution, have been shown to have considerable motions or 
to belong to the Pleiades group. For these reasons stars 5, 14 
22, 24, 26, 28, 29, 34, 41, 42, 55, 66, 74, 75, 78, and 80 have been 
excluded ; and in order to be able to use unchanged the left-hand 
members of the equations of condition, and hence also of the normal 
equations in the solutions for both pairs of plates, stars 2, 4, 8, 9, 
30, and 69, which had been measured on only one of the pairs, were 
also omitted. The remaining 63 stars, which with the exception of 
star 72 are all fainter than the eleventh magnitude, give equations 
of condition of the form 


Mata+ba+cy+dx?+ exy+fy =p) (3) 
peta’ +b'x+c'y+d'x?+ e'xy+f'y?= yj. 4 


Supposing, as before, that uw. and us are in the mean zero and are 
not functions of x and y, we can derive the unknown quantities 
G0 650, C2) 60, Oe wae Cog 

With x and y expressed in decimeters, the resulting normal 
equations are: 


+ 6.613 f+1. 196 e+ 5.240d+ 0.236c¢+ 0.595 6+15.162 a=[piy*] 
1.196 f+5.240e+ 0.757 d+ 0.595 c+ 1.5686+ 3.027 a=[pLxy] 
+. 5.240 f+0.757 e+17.137d+ 1.568 c+ 1.858 b-+23.453 a= [p!x?] 
+ 0.236 f+o.595 e+ 1.568d+15.162¢+ 3.027b+ 1.8300=[p’y] 
+ 0.595 f+1.568 e+ 1.858d+ 3.027 6+23.453 b+ 4.000 a=[p/,x} 
+15 .162 f+3.027 €+23.453d+ 1.830¢+ 4.000 6+63.000 a=[y’] 

with a similar set for 4; involving the constants a’, b’, c’, d’, e’ 


and f’. The right-hand members for the four cases are given in 
Table II. 
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The resulting constants are summarized in Table III. The 
substitution of these quantities into equations (3) for each of the 
85 stars gives us the final Values for . and ps derived from each 
pair of plates. 


TABLE II 
2014-55 | 2029-55 201 4-55 2020-55 
Moy | Hao Mgr My 
er, (Med et +101 + 90 
RQ. =o +109 + 71 
aes —48 +144 ono 
zouk Sees i a a 8 => 85 
+ 38— | +73 — 20 — 5 
Tai ee4, 2 0 +263 +192 
TABLE III 
Constant | ue 3 | aie : | Constant “ie : ar si 
} } 
ce ge a ae —o’00155 | —o700149 || a’........... —o700166 | +07%00292 
RO rte. cnr = §O0000 | $1 00013 ||V02%). eee ce — .00259'| — .00003 
Cee 3, {EE OOO220E-t- 1003701 NC aa ose ect — .00040 | — .Oor111 
(ee ee == 00230 4|) — COLQS.|||\"lian ons oe + .00696 | — .00837 
Ci Se aS oe eit 5 = eeOL S22 | aot OOALS ||" ene see + .01927 | + -.01087 
ae eee ER OON 77a ete OO2LO) Ill ifiicnme, vse eee + .01033 | + .01173 


THE RESULTS 


These values, Mar, Mar, Msr, and ps,, are given in Table IV, 
columns 5, 6, 7, and 8; columns g and 10 give the mean relative 
motions in a and 6. The mean probable error of these values is 
00036 for uw, and 0”%0034 for us. The other columns need little 
explanation. The first gives the current numbers of the stars, the 
second the approximate photographic magnitudes. The mag- 
nitudes were derived in the following way: twenty-seven of the 
stars on my plates appear in Hertzsprung’s publication, ‘ Photo- 
graphische Sterngréssen schwacher Zentralplejaden,”* while four 
are given in his later article, “Priifung der photographischen 
Gréssen Skala der hellen Plejadensterne.’” 

 Astronomische Nachrichten, 199, 247, 1914. 

2 Thid., 200, 137, 1915. 
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TABLE IV 

= ft — = = So See Rees 
No. | Mag. ” y Mar Ha2 Mey M52 Ma i Ms 

1...) 15.10 |—15/2 |+ 4/7 |+07044 |+07%009 |+07%012 |+07002 |4+0'026 |+-0%007 
ee ET Sera Me See Om OM lata Owlemtim yee _ 4 legen ar 9 |— 4 
Bra aetacey || ave treks eo a es sey a I |— 2\— 4 ° 
Pisedh aa Biber er NaC och Isa ay A at) ea bypallintar seals + <xmmil- «mwWilt 14 
isch, Ootdial. wise lee bia) |ae O-— 245|— Ar eS Sa 
Genel Miter NS Teel ar ie GP Ea iep |i 7 |— ol— 14 |-— 8 
a eeclL37 0) aL 20 a =n ONO)| ee On| oan meet Talate 3 |= 6 
od ater ul eke ereae naaad ade 8 2A" cari eets + Ani eee 4 alte 4 
Owed! SR ieyke le Beare [Feie ae Goh inks & wm PUL Del raat aces = Aa 2 4 
10 14.701 11:9 |-+- 4.6 2h 2 12 |-+ 2\+ mit 7 
Ir 14.56 | 11.6. |— 0.1 Sst 6 §|— 10 |+ 6 |= 8 
12 13.20 } 10.4 |J— 2.2 |— Io |— 2 \- ar |+ 1 |- 6 |- Io 
13 TIS |) HOB a ns) = ieee EE 2) 133) |e On tL 
14 10.22 O27 |= 250 |e 52 |= BO |= | 5On S20 er st 
15 13.95 Cima CS) |S sil- wWl- 27 \- Qi) sett) | srs 
16 13.95 320) |= tie On|=— Tei 16 Si si 8 |+ 6 
17 14.95 8.8 |— 8.8 |— 2 \+ filiae ep l= eRe 2 |+ 7 
18 12.55 8.8 |+10.5 |— 4 kG = 8{/— 12 |-+ 7 \— 2 
19 14.81 8.6 |—11.2 |+ 16 |+ ro |+ 8 |j+ 20 I+ 3Z3/+ . 14 
20 I3us2 8.2 |—11.2 I+ 4|+ 4|- 2 |— 5 i+ 4|(-— 4 
21 14.12 7.8 |— 1.1 |+ Oui Bt 10) ) £3) 6\i+ 12 
22 9.41 WoT NE Sr |e 38 20) |= 28 es) | 0) eo 
23 Lame 7.444 7.3)4 w4l+ 10/]/+ olt 3m |t 12/4 412 
24 14.50 ‘5:41+ 3.0 ]+ 12 |+ Olt 211+ 31/+ tYolt 26 
25 T5O5E7| 0 Si {— SOM — | 02) — eek eee 2 ee a na 
26 15.76 5.2 |+ 6.6 |+ t/t aurjJ— 44/— 28 j+ 6|— 36 
Ay] TANTS 420) || <5 8-0) || =| WTS a| 2 5] 2) tks 2 ny 
28 11.88 4-97 |+1053 | 4s” ae 27 |= 7 | 16 
29 13.70 hots We Vfssi line Ooh lige 2! 42|— 40/+ 2/— 46 
30 Li a6) Aig tT Onl eaerae =o eM earersoa 4 oe | nL On tne 
31 12.18 3.3 (+ 2.7 |— 27 |+ §l- mwml— 23/-— «zufl— 18 
32) 125790 | 3-0 ara SB I ass OS a a kOe 2 
x aed ee esi) 2.5 |+-10.3 |— I9 |— t |-+ 3) |= Len OM 2 
RY Weal pe batch PSs le eine | Hin eee aie aS ah IS Rye) 
35---| 15.42 E15) |-- 0-4 | |= 8 |= 5 |+ 2 |— 4|— 2 
306...| 14.81 T.5 |=11. t |-- 8 i= 6 |+ 2\|— 9 |+ I |-— 4 
37... (lS + oO 1.4 |— 2.2 |+ 9 |+ 8 |— 2 o i+ 8 |— I 
38.5.1. 05. 5x On 51-30) |e 8 |+ 2a 9 |+ 7 
39---| 14.18 Ona lo 74 lala Omen OF Outen 9 27 re == 9 
40 14.00 |~ 0.4 |— 5.2 |— 3 i+ 8 |— 2\+ ax i+ 21+ °° 10 
4i 8.77 Ate Oca tek, 5, tte SO cae fee 53. 734i. 124 sees 
42 4.95 On4 i625 [== 25 it 20 |= gS 22) 10 ot nO 
Agent 20Q7, 0.4 8940 \a 07 | Ol) 8 23)| eet ee oa ee 
44--0|(14.50.) 5 OS j= 150 Je 7 Oi TO tan aie Cyip 
45--.| 15.66 Howie Gua |ae | CES. agi iee ff \ar Re ier Zh 
46 I§.02 1.8-j|— 1.6 |+ 7 |\- 3 \+ 9 |- 2 |. 2 | a 
47 15.42 2,1 |4- 2.9 |— I |-— 8 j+ 3 |= An 4 ° 
48 14.70 ee Ne—atoynrk te ate fe I2!— 12 |— I o |— 6 
49 13.28 2.2 |+ 9.3 |+ 6 |— Gilie  Gelse (ane CW . 2% 
50 14.95 2.2|— 6.5 |+ 12 /+ I |-+ alae sae jee 6 i+ , 
51 12.90 2 Sse Aest On a Ru Mia ES Te OF eels 
52 14.18 2.6 |+10.1 |+ 5 i+ 6 j-— 16 |+ 2\+ 6 |-— Uh 
53---| 15.35 2.6 In 3-4) a3 ie Q eStore 2 
54 Eos L 3.21+ 7.1 [+ 2 |— rr j+ 9 |+ 5 |\- 4 i+ 7 
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TABLE IV—Continued 


No Mag. = uh Hox Mae Mer M52 Ma Ms 

55 8.19 3/7 |+ 9/2 |4o0%or7 |+0%016 |—0%053 |—0%057 |+0%016 |—o%os5 
56... 15.51 411+ 7:3)+ g\- sol G3 las l= —- Slay 
57 | 14.38 4.7 |+10.4 |— I 2|+ 16.|+ 5 |— 2\+ 10 
58 13.70 5.6!— 4.0]/+ a1 l— 2 9 |- 2 \+ 4 |+ 4 
59 13.95 5.9 |— 1.0 |+ Plas Hep 6 |= 3 i+ 4 \|+ 2 
60 14.70 6.0 |+ 0.3 |— 10 27 it ait .16/— 18|4+ 18 
61...| 13.89 6.0/0.7 [+t 4 MER: ime Ming rele 'C. 
62 13.39 6.9 (+ 7.7 | Il 13 /— O3\—— 10))|-- 5 12) |— ro 
(ei ee Sy os 6:9)|— tet 2 |= a = SS tee I |— 2 |\— 3 
64 -| 13.64 6.9 |— 8.4/+ #10 /+ 7 {+ I |— 3 i+ 8 |- I 
OSes re. SO PS |e Gis le  we ee NG) o |+ i |j+ 4 ° 
OG.) 15.15 Fs O.On— 240\— F235 — oes 8i— 24|-— 16 
OF se) 2r 16 8.4/+ 8.9 |— 14 |[+ 5|— 2r|+ 10 |— 4 |- 6 
68 14.08 8.8 |+ 2.2 |+ 19 |+ S| tole  i13i+ rit 1 1 
69 14.95 Q263|— 2-0 |-- Uh ted ets = cole | Pacacep loners 6 + yf 8 
70 13.09) | “OLE |— 4.0 |-|- 4\+ 21 Doe) Ee) ares |— 6 
71 ¥4,.80) | 1023; |4- 322 |4- = 0! |-ip 8 Solar 8 |+ 9 \|+ 6 
72 OPE ROS 7k |< Er” Egri= | ele se ae es 
73 15.15 | 10.8 |+ 9.2 |+ r6(+ mi |— 12 \4+ 3 i+ 16 |— 4 
74 10.12 1G Gee |= esl ol+t m4/— 26/— 26 /+ 7!— 26 
vee) me ele tee — Or OM ots te |= 4|/—-— 23 /— 24 |-— 2\— 324) 
762..| 13.92 1r.8 |—10.8 |+ 3 |+ r/— 10|+° 16 |4+ 2 \+ 3 
a7...) F400 | IT.81+- §.6 |-+- 29 /— 7 \+ 7 \+ 6|-+ «ii+ 6 
78...| 14.95 | 12.9 |+ 0.4 + wWwl— aamsl— 2 /— ~~ 16 + 3|— 20 
79...| 11.94 | 12.9 |+ 7.3 ]— I8/— 6 ]— xr i+ 5il- a7|- 3 
80 Te40-) 13224 — 4.5 |\4-- BO 40 |4- 12) tO |=) 42) are 
81 EeasOs lac Au | E00 | — 9 @) Ise 3/— 12 |— 4 |- 4 
82 T4744 | 13-S)\-- 3.0 |— AL == AW Pilar . ie |e 4\|+ 9 
83 Foes Sars so | o.Ol| —— a Los — OI | cA 8 = S10 
84 TW Bey || aes IeCo|E=* (oyetey |i 23 \— Tr |— EX |= 6\-— 17 8 
85 rsy.15 | 14.8/—0.8/+ 09 |+ Bae Bap \= Onlas 5 9 


For these stars Hertzsprung’s magnitudes were plotted against 
the values read from plate 2014 with the help of a scale of images 
made with exposures proportional to 1, 2, 4, etc. A smooth curve 
was drawn through the plotted points; and with the scale values 
as argument the magnitudes for all the stars, except 41 and 42, 
were read from the curve. The errors may be 0.2 or 0.3 of a 
magnitude, but this is accurate enough for the work in hand. For 
the two very bright stars, 41 and 42, no magnitudes could be derived 
in this way; the values given for them are those published by 
Schwarzschild.t Columns 3 and 4 contain the co-ordinates « and 
y in minutes of arc; these are only for identification purposes and 
accordingly only one decimal is given. 

t Publikationen der v. Kuffner’schen Sternwarte, 5, 1897. 
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In Fig. 1 the 85 stars are shown with their relative proper 
motions, the scale being 1 mm=07008. In the upper right-hand 
corner the mean proper motion derived from Boss’s Preliminary 
General Catalogue, for 12 stars belonging to the Pleiades, is indicated 
on the same scale by a broken arrow. 

Three stars, 41, 42, and 55, were already known through other 
researches to share in the cluster motion; stars 14 and 29 have 


BOSS \ 
12 STARS x 


+16" -12 -8 -4 Yo) +4 +8 +12" He 


Fic. 1.—Relative proper motions of 85 stars in the neighborhood of Atlas and 
Pleione. The absolute motion of the cluster as determined from 12 stars in Boss’s 
Catalogue is indicated by the arrow in the corner. 


motions so nearly the same that it seems safe to include them as 
members. The magnitude of star 29 is 13.7; unless for other 
reasons (parallax, radial velocity, or spectrum) this object is dropped 
as a member of the group, it would indicate that the dispersion of 
the group-stars in brightness is at least ten magnitudes. 

Stars 5, 22, 26, 28, 43, 74, 75, and 78 are also moving in the 
same direction; the amount of motion, however, is considerably 
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smaller. Moreover, since the position angle of the parallactic 
motion in this region of the sky is 146°, while that of the motion 
of the cluster is 158°, it will be difficult to decide whether these 
stars belong to the group or not. As probable members of the 
group I have therefore used only Nos. 14, 29, 41, 42, and 55. 

Doubts may be felt about the inclusion of a star as faint as 
No. 29 in the group. From Triimpler’s discussion’ we know that 
up to magnitude 9.5 the number of group-stars is increasing with 
each following magnitude, although the increase is much less 
rapid than the average for stars in that part of the sky. For stars 
fainter than 9.5 the existing material is as yet extremely scarce. 
Supposing that No. 29 belongs to the group we can make the follow- 
ing deduction for the range in absolute magnitude of the stars in 
the cluster. From the parallactic motion and radial velocities 
Hartmann’ derives a parallax of o%014, Hayn3 0%013 to o”oa2r1, 
Plummer* 07024, and Kapteyn® 0”’018. For only one of the 
group-stars has a parallax been determined by Elkin*—its absolute 
value is —o’%016. Adopting o”’o15 we shall not be far from the 
truth; this gives for the brightest member of the group absolute 
magnitude —o.9, for the faintest +9.6. 


REDUCTION FROM RELATIVE TO ABSOLUTE MOTION 


The motions uw. and ys of Table IV are relative with respect 
to the mean motion of the 63 stars used for computing the plate 
constants. The reduction to absolute motions is always a diffi- 
cult point. For small fields, such as are usually discussed in pho- 
tographic work, the number of stars for which absolute motions 
can be derived from meridian work is always extremely small. The 
large number of brighter stars in the region of the Pleiades and the 
many researches concerning the motion of the cluster might lead 
to the expectation that here the necessary material is available. 

t Publications of the American Astronomical Society, 3, 333, 1918. 

2 Astronomische Nachrichten, 199, 305, 1914. 

3 Jbid., 198, 147, 1914. 

4 Monthly Notices, 73, 492, 1913. 

5 Proc. Kon. Akad. van Wet. te Amsterdam, 14, 911, 1912. 


6 Transactions of the Astronomical Observatory of Yale University, 2, 320, 1912. 
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The fact is, however, that practically all the researches on the 
proper motions of the Pleiades give relative motions with respect 
to one or more members of the group. These investigations have 
certainly established the fact of the common motion of many stars 
of the group, but for our purpose they do not give the required 
data. Only Kromm has derived the absolute motions, of 160 
stars, in the neighborhood of the Pleiades.* Seven of these stars 
appear on my plates; for these we find a mean difference Kromm— 
van Maanen of —o”org in uw. and +0%007 in ws. This difference 
is much larger than would be expected for the mean motion of the 
63 stars used in the reductions. I have therefore compared Kromm 
with Boss’s Preliminary General Catalogue.? The 14 stars appear- 
ing in both give the differences Kromm— Boss of —o%o20 in uw, and 
‘+o”009 in ws; these are very close to the differences Kromm— 
van Maanen. 

Boss’s proper motions certainly are among the most reliable 
that we have. I have therefore made an attempt to reduce my 
relative motions to the system of Boss’s Catalogue; since we have 
only two stars in common, I have used a roundabout way. I have 
assumed that there is no relative motion in the various parts of 
the cluster and have used the mean motion of the 12 cluster stars 
which appear in Boss’s Catalogue as the absolute motion of the 
cluster. The result is wz=-+0%023, us=—o%051. For the three 
stars on my plates which were already known as members of the 
group, my measures give: ba=+0%022, bs= —0"”049; including 
also stars 14 and 29, these figures become +0021 and —o"o50, 
respectively. In both cases the correction from my motions to 
Boss’s system is exceedingly small. To reduce my relative motions 
to absolute motions, I have adopted the corrections +0"0o2 in 
Ma and —o”oor In ws. 

That these corrections cannot be far from the truth can also 
be seen from the distribution of the r components (at right angles 
to the parallactic motion). Calling the componént of proper 
motion in the direction of 56°, +7, those in 236°, —7, I find 38 stars 

* Annales de V Observatoire de Bordeaux, 14, 77, 1911. 

* The proper motions in Boss’s Catalogue were corrected according to the state- 


ment on p. xxviil. 
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with 7 positive, two with r=o0, and 34 with 7 negative. The mean. 
values are +7=o"0109, —r=0"0008. For this calculation the: 
cluster stars and those which were measured on one plate only: 
were excluded. Although the number of objects then available 
is only 74, I have given in Table V the mean absolute motion in 
aand 6 for the different magnitudes. In the last two columns 
are the components of the parallactic motions, computed from 
Kapteyn’s formula’ with the solar motion=21.5 km/sec. and the: 
right ascension and declination of the apex 270°9 and +2922, 
respectively; except for the slight systematic difference in 6 for 


TABLE V 
Limits of Mag. | Mag. Hy Ms n Hepa Ms Paz. 
OQ kO meer cee 9.38 +ofo17 | —o%020 3 +oflo1o | —o orgs” 
We Disa R abe omee ee fLOnk> +0.009 | —0.027 I +0.008 | —o.or15 
| 21S 1 Reena II.70 +0.002 | —o.o1f 4 +0.005 | —0o.0075 
(gisele Pease ae 12.61 +-0.003 | —O; 011 7 +0.004 | —0.006 
1 ON rei 13.64 +0.006 | —0.0o1 20 +0.003 | —0o.0045 
a7 oo dog Se RO ee 14.63 +0.003 | +0.003 24 +0.0025| —0.0035 
PES eee ociewice = | 15.38 +0.00I | —0.005 15 +0.002 | —o0.0025 
TABLE VI 
Limits of uw n Observed n Theory 
<OZOTOM re re Sac 28 61.4 
OQLOLO-O NOLO ree ee 25 12.6 
OnO20-O0020 ere eee 15 0.0 
OPO3O-O7OB0 oe eels B 0.0 ! 
(OLOAC—O OA pee er: B 0.0 


the brighter stars, where 7 is small, the agreement with the observed: 
quantities is as good as can be expected from the small number of 
stars available. Finally, Table VI shows the distribution accord- 
ing to the amount of the total proper motion. 

In a previous publication on the proper motions of the stars in 
and near the double cluster in Perseus,’ attention was called to the 

* Publications of the Astronomical Laboratory at Groningen, 8, 1901. 

2 These are the values derived by Stromberg in Contributions from the Mount 
Wilson Solar Observatory, No. 144; Astrophysical Journal, 47, 7, 1918. 

3 Recherches Astronomiques de l’Observatoire d’Utrecht, 5, 44, 1911. 
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fact that there most of the proper motions do not fall between 
o”oco and o”009, but between o”o10 and o”%o1g; a re-reduction 
of the correction from relative to absolute motions’ changed the 
original figures, but not the fact that the maximum frequency 
falls between o”oro0 and o”o19. In Publications of the Astronomical 
Laboratory at Groningen, No. 11, the same phenomenon was noticed. 
In the present investigation we find, as indicated in Table VI, that 
only a relatively small number fall under the smallest motion—a 
fact that can be explained partly by the influence of the errors in 
the proper motions, but one which may also be partly due to real 
motions. If the proper motions were really zero, the distribution 
of » would follow the combined probability curve; the larger the 
probable error the flatter the curve would be. If the motions are 
not really zero, we should find a different skew curve, which would 
also be flatter for large probable errors. 


TABLE VII 
: Source PE. <07030 |07030-0£049]0%050-04079|0% 080-0! 099) n 
Per Cent Per Cent Per Cent Per Cent 
van Maanen....... 07008 87.1 05) 0.7 0.6 706 
Rambaut......... 0.012 79.8 15.8 4.6 Dae | 241 
Groningen No. 25@.| 0.015 Heok 20.5 Sa O27 aL O26 
Groningen No. 19..| 0.017 Safe) 3r.5 14.9 220 eS LOX 
Groningen No, 256 .| 0.038 253 28.5 352 TL.O) ne eeS 7 


This fact can be well illustrated by a summary of the distribu- 
tion of proper motions collected by Schouten.? In discussing 
his data I have, in order to use fairly homogeneous material, 
restricted myself to stars of magnitude 8 to 13 and of proper motion 
Jess. than o”100, derived by means of photographic plates. This 
leaves us five sources of data, viz.: van Maanen (Perseus Cluster), 
Rambaut, Groningen No. 25a, Groningen No. 19, and Groningen 
No. 256, for which the probable errors of the total motion are,, 
respectively, 07008, o”012, o”015, 0”017, ando”038. In Table VII 
are given the percentages of the motions between certain limits 
for these five sources of data. 

* Publications of the American Astronomical Society, 3, 227, 1918. 


?“On the Determination of the Principal Laws of Statistical Astronomy,” Dis- 
sertation, Amsterdam, 1918. 


416 


INVESTIGATIONS ON PROPER MOTION 13 


For our purpose it is to be regretted that the limits used by 
Schouten are not smaller, but even so the effect of the probable 
error is Clearly visible. The table is arranged in order of increasing 
probable error for the different sources, and shows a strong decrease- 
in the percentage of the smallest and an increase in that of the 
larger motions. In Groningen No. 25) we even find the maximum 
frequency displaced to stars with motions between o”oso and. 
07079. -Objection may be raised to the fact that in Table VII we 
have included stars of a wide range of magnitudes and of different 
galactic latitudes; but from the detailed results given in Schouten’s 
paper (pp. 28-34) we can see that the same tendency in the dis- 
tribution holds for practically every case. 


THE QUADRATIC TERMS 


From the values of the constants a, b, c, d, e, f, a’, b', c,d’, e, 
and f’ given in Table III the influence of the quadratic terms on 
the proper motions can be deduced. Since the zero point for the 
co-ordinates, which were expressed in decimeters, was chosen at 
the center of the plates, the necessary corrections for stars at the 


TABLE VIII 
ictance Corrections 
from Re aa =a SS 
Center <0%003 | 0%003-0%005 | 0006-07008 | 0%009-o% rr | of012-0% 014 | >o*%o0r4 n 
RO Bs es 64 27 5 ° ° ° 96 
8’-10'..... BE 20 II 2 ° ° 54. 
PTO ene S54 62 27 23 6 | 8 1 180 


center. are equal to a and a’. These are very small, especially in 
right ascension, which corroborates the statement made in my 
parallax papers, that for the central (=parallax) stars the cor- 
rections due to the neglect of the quadratic terms are negligible. 
In Table VIII the number of mean corrections between various, 
limits is given for stars at different distances from the center of the 
plates, . 

For stars more distant than ro’ there is a considerable number 
of cases for which the correction is so large that for the most 
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accurate work it cannot be safely neglected; in one case it amounts 
to not less than o”021. That the magnitude of these corrections 
is due to the use of a reflecting telescope for securing the plates seems 
extremely doubtful. A subsequent paper on the motion of stars in 
the neighborhood of the Orion nebula contains a re-reduction of 
the motions already published.t The corrections to the annual 
motion arising from the quadratic terms amount in some cases to 
o’or7. A re-reduction of the proper motions of the stars near 
Messier 37, which were derived by Joy,’ shows that the correction 
to the annual motion may there reach o”012. In both cases the 
data were derived from 8 X 10-inch plates, secured with the Yerkes 
40-inch refractor. Since in these cases the time-interval was 
ten and eleven years, respectively, it is clear that for the same 
interval the necessary corrections are not less than those to be 
expected for plates taken with the 60-inch reflector. In neither 
case can the quadratic terms be safely neglected if the best results 
are sought. 

In his article, ‘‘The Influence of Quadratic Terms in Reductions 
of Stellar Parallaxes,”’3 Lee, after the reduction with and without 
the quadratic terms of several plates, draws the conclusion: ‘‘The 
reduction of the quantity [vv] obtained by including the quadratic 
terms in the solution is in most cases negligible, and will in no case 
justify the additional labor involved in deriving it.” 

In my opinion this statement is not free from objections. The 
values v are not a measure of the errors, as they include the real 
proper motions or parallaxes of the stars. If these were really zero, 
or even small as compared with the errors, a small reduction in [v2] 
might justify his statement. In cases where the probable errors are 
small, [vv] is largely due to the real motions or parallaxes; and the 
inclusion of the quadratic terms, although their amount may be 
large enough to vitiate the results, will then give only a small 
percentage change in [vv]. 

In our case, for instance, we can compute the number of stars 
which, according to the theory of errors, should have apparent 
motions between certain limits, if the real motions are assumed to 


1 Astronomical Journal, 27, 139, 1912. 
2 [bid., 29, 101, 1916. 3 Tbid., 29, 74, 1916. 
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be zero; the values are given in Table VI, under the heading 
“Theory.” There is scarcely any doubt that the difference between 
the actual numbers and the theoretical values is due to the existence 
of appreciable motions. The reductions in [vv] produced by includ- 
ing the quadratic terms are here respectively 8, 0, 22, and 18 per 
cent—in the mean 12.0 per cent as against 11.5 per cent in Lee’s 
discussion; yet we have seen that the corrections sometimes 
amount to quantities which cannot be neglected. 


SUMMARY 


1. At the 80-foot focus of the 60-inch reflector fields of 24’ by 
30’ can be measured successfully. To obtain the best results the 
reductions should include the quadratic terms in x and y. The 
results from two pairs of plates may be estimated to have a probable 
error in each co-ordinate of 0%018 divided by the number of years 
in the interval. 

2. Of the 85 stars, down to magnitude 15.7, which were 
measured in a region of the Pleiades, five show proper motions 
equal to those of the group. The faintest of these stars is of 
photographic magnitude 13.7; with o’o15 as the adopted parallax 
of the group, its absolute magnitude is +9.6, while that of the 
brightest star of the Pleiades would be —o.9. 

3. The lack of a predominant maximum frequency for the 
smallest motions is partly caused by the errors in the measure- 
ments, but is undoubtedly largely due to the existence of real 
motions among the background stars. 


Mount WILson SOLAR OBSERVATORY 
January 1919 
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INVESTIGATIONS ON PROPER MOTION 
SECOND PAPER: THE MOTIONS OF 162 STARS IN THE NEIGH- 
BORHOOD OF THE ORION NEBULA 
By ADRIAAN VAN MAANEN 


In the Astronomical Journal, No. 642, I have published the 
relative proper motions of 162 stars in the neighborhood of the 
great nebula in Orion, the results being derived from plates taken 
with the 4o-inch Yerkes refractor; in obtaining these proper 
motions, however, quadratic terms of the co-ordinates were not 
used in the reductions. Later, evidence was found that these 
terms cannot be neglected when the highest accuracy is required; 
accordingly a new reduction was made, in which the quadratic 
terms were included. A few other improvements were also made, 
and the new results seem to justify the publication of the revised 
motions. 

The computations were made in great part by Miss Coral Wolfe, 
of the Computing Division, to whom I wish to express my acknowl- 
edgment. 


THE REDUCTIONS 


For each of the two pairs of plates the reductions were made 
separately in both a and 6 in exactly the same way as fully described 
in Mt. Wilson Contribution No. 167. The equations of condition 
take the form: 

bat a+bu+cy+de+esytfy =p". (1) 
usta’ +b'x+c'y+d'e+eaytf/y=p's 
where py, and py; are the new values of the proper motions; the values 
wary Me a) Mss, and w’’s,, respectively, of the original paper were 
used as the second members of the equations of condition. 

As can be seen from their excessive concentration near the 
Trapezium, most of the stars near the center of the plates must 
belong to the system of the Orion nebula; we have therefore to 
exclude the central stars as reference objects in the computation of 
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TABLE I—Continued 

No. Bond| Mag. . Group RA Has Mgr M50 Betala #5 abs. 
589. R2u7 v +o%o1o |+o07%009 |+0%020 |+0%009 |+o%014 |+o0%or1 
595. 13.8 € — 4/— x8 |+ - 17 I— 4\= 7 ° 
Vastra 14.3 | c = OFF 4 |+ 7 \+ 12 |+ 3 (+ 3B 
SOG chie Tdeat ot b _ 3 |— ro |+ py 3 |— ills 6 
602 A th ee c + 23 |= Io |— Io |— to |+ 20 |— 15 
Ds lcs pods. 7 ee fo 4\|\> o|— m4 /— 37 I+ 2 ore 
Win Oe I4.2 c — 6 |+ ar |+ 23 I++ 12 |+ T2 |-+ Bie 
612 12.8 c ae ey fe) [fa ee IS ty lee 2 
618. Be 7 € ae Aa LS @ |= A lee te = 9 
621 14.2 (5 + rt j+ i |— 20 |— 6 i+ Io |— 20 
GLO... ASE IEA ed OA] Catan cates | ee ee oll err + 10 |+ I 
O85) t2.7; | € hae Bien ease) ore ae” on |e 6 
624. he GOA: ores ae eA | Rha Oe ened ee as Mt Lene ha + ry |— 4 
Crane Tse7 Cc 7S Oop | oi sla Ae iver iiae I 
ea ee RES tees | Pa ee Ute ye Ee eee re cs — 2/4 7 
63....| 13-7 4 € Oni 8 lige gar 7 oO |S 2 
eer P 5G 7. 5 a — 5{— 114/+ 6 |— Bis = 3 
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636. 2.8 | c {— 45 |t 22 ]+ aril+ 9 |- 8 |+ 7 
OFRacn aks. 5 v 21 13 |= Gp N= [Se ei 9 
O40.—. os 53 DE atl hawt aha) =. desl tateuctis aise e hoe Ge ere ool Sete eats = li 3 
642-...) 3.0 v + sa4it sojt 30/+ 16/+ 56|/+ 17 
647. TILT 2 — 2\+ 10/+ 16 }— 2 \+ 8 |+ 6 
648. 4. & = 24 |\-- 6|/+ 20!+ 12 /— 5 |+ 10 
650. 13.6 b _ 4|— 2\+ 4 {i+ 8 |+ Mm figs I 
651. E22 v + 9 8 |+ 8+ 18 |-+ NSE 9 
652. 12.9 c i+ 5 |- 1 j+ x |+ @ GF © ae I 
653. 14.3 b es in | Lo ye 20h i A I 
654. 14.3 vo |= t j+ I °o |+ SB icte Asa 5 
Seem TA e7, € = BE yit uit 33/—- a i+ 6 
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666. 13.8 db I+ 9 Sige 17 Jane 2a Teele I 
669. 10.1 G4" 15 On| rea nl (ale Re 8 
667. Io0.I b = S20 | 207) 20 Cle 
670. TAG v = a |= oie ie= A IE yl Ij— 12 
671. 12.2 c — 10 |— Bae Bier | ay Nae 9 
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TABLE I—Continued 


No. Bond} Mag. Group Hat Ha2 Her G2 Ha abs. “5 abs. 
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the constants, which involves a considerable reduction in the 
weight of the determination. In fields such as this the difficulty 
can be avoided only when we are able to decide which stars belong 
to the nebula (or cluster) and which do not. The results will show 
that for the individual stars we cannot decide this with certainty, 
but even in such an unfavorable case the introduction of the quad- 
ratic terms can be performed with success if we take care that the 
distribution of the reference stars is as uniform as possible over the 
rest of the plate. 

For the calculation of the unknown quantities a, b, c, d, e, f, a’, b’, 
c’, d’, e’, and f’, I have used the same 47 stars as in the original 
paper. The values a, b,...., e’, f’ thus found were then substi- 
tuted into the equation of condition (1) for the 162 stars measured; 
the resulting values, ter, Me2, Mer, aNd M52, are given in Table I. 


TABLE II 


Corrections 
Distance from 
enter 


<0%003 |0%003—-0%005]0% 006—04008]0%009-0% o1 1j0%012—-0% 014] >oZor4 n 
SEY ta ea eae 107 138 51 ° ° ° | 296 
Sieh: iscsi as 39 22 7 ° ° fo) | 68 
1O=TS Soe. 106 04 37 5 I I 244 
16 6 4 2 3 a 
{ 


To what degree neglect of the quadratic terms vitiated the 
former values of the proper motions can be seen from Table I, 
which shows the numbers of corrections between certain limits to 
be applied to stars at different distances from the center of the 
plates. In order to compare the corrections to be applied in the 
case of plates taken with the Yerkes refractor with those necessary 
for the plates secured with the Mount Wilson reflector, the same 
zones were used as in Table VIII of Contribution No. 167; the last 
group with r>18/5 contains stars outside the boundaries of 8 X 10- 
inch Mount Wilson plates. 

For a better comparison Table III was constructed, giving the 
percentages of the necessary corrections for the three zones con- 
tained on plates secured with both instruments. 
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In making this comparison we must bear in mind that the inter- 
val for the Yerkes plates is ten years as against five for the Mount 
Wilson plates; on this account, since we are dealing with annual 
motions, we might expect in the latter case corrections twice as 
large. If we take this into consideration it is clear that under 
equal conditions the reflector results will not be likely to need any 
corrections larger than those obtained with the refractor. 


TABLE III 
— Corrections 
Distance from . 
Series 
Cent 
ay <0%003 |0%003-07005]0%006-07 008)0" 009—-0% or 1|0%012—-07014) >o%o14 
Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | Per Cent; 
<8! fYerkes....| 36 47 L7 ° ° fo) 
Brey oe \Mt. Wilson} 67 28 5 ° ° ° 
ee [Yerkes....| 58 ge be) ° ° ° 
Griak (Mt. Wilson} 39 27 20 4 ° ° 
gyal t el. PM ETMES ctl RAS out RABE 15 | os ro 
"2°" "Mt. Wilson} 30 345 15 13 3 4s 


The reduction in the quantities [vz], due to the introduction 
of the quadratic terms, is 12.5 per cent, which is practically identical 
with that found for the Pleiades measures’ and that obtained by 
Lee? for Yerkes plates, where the derivation of the constants was not 
hampered by the difficulty mentioned on page 1 of this paper. The 
probable errors in the proper motions have in consequence changed 
but little and are for a mean p,, 070039, for amean p;,0”0030. The 
small reduction in [vv] does not mean that the quadratic terms can 
safely be neglected, as was pointed out in Contribution No. 167, 
page I. 3 

The values of the brightness given in Table I are photographic 
magnitudes derived from the photovisual magnitudes in Astro- 
nomical Journal, No. 642, with the aid of the corrections given by 
van Rhijn in Table 33 of Groningen Publications No. 27. Although 
for individual stars these corrections may be in error on account of 
the deviation of the individual color-index from the mean color, 


* Mt. Wilson Contr. No. 167, 1919. 
2 Astronomical Journal, 29, 74, 1916. 
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the conversion was made in order to secure a homogeneous system 
of magnitudes for different fields; other papers on the distribution 
of proper motions with magnitude, now in preparation, will deal 
with photographic magnitudes. 


THE DIVISION OF THE MATERIAL INTO GROUPS 


For the discussion of the resulting proper motions the 162 stars 
were divided into four groups: 

1. Nebulous stars.—On plates of different exposure-times 13 
stars were found which seem clearly to be connected with the 
nebulosity; their magnitudes range from 5.6 to 12.00; in Table I 
they are indicated by in the third column. 

2. Central stars,—Near the Trapezium we find such an abun- 
dance of faint stars, from magnitude 10.1 to 14.8, that we can hardly 
avoid the conclusion that most or all of them must be connected 
with the nebula. They are not uniformly distributed around the 
Trapezium but seem to be grouped in three directions with respect 
to it, viz., SE, in the direction of 6, Orionis; NNE, in the direction 
of Bond 734, a star which is the center of much nebulosity; and SW. 
The 32 stars indicated by ¢ in Table I have been included in this 
group. 

3. Variable stars —On the Yerkes plates, which cover a field’ 
only 40’ by 32’, not less than 23 stars are visible which are either 
known or suspected to be variables. It is of course possible that 
the observed changes are partly due to the difficulty of securing 
reliable magnitudes for stars involved in nebulosity, yet we must 
accept the variability of most of these stars as well established. 
This may be caused by the motion of the nebula across the stars in 
the background but may also be due to a physical connection 
between them and the nebula. Since the cause cannot be decided 
a priori, it seems safe to exclude these stars from the discussion of 
-both the nebula stars and the background stars. Bond 822, how- 
ever, although a variable, was included among the nebulous stars 
because it coincides with a center of nebulosity; Bond 642, on the 
other hand, was included among the background stars on account 
of its proper motion, which is irreconcilable with its connection with 
the nebula. The resulting 21 stars are indicated by v in Table I. 
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4. Background stars.—This group, whose members are indicated 
by 8, includes all stars not mentioned under 1, 2, or 3, with the 
exception of Bond 966, which was measured on one pair of plates 
only. They number 95, some of which may be connected with the 
nebula. Although it is impossible to designate the individual stars, 
the results show that we seem to have been successful in eliminating 
most of those belonging to the nebula. 


REDUCTION FROM RELATIVE TO ABSOLUTE MOTION 


As practically all the stars contained in r and 2 must belong to 
the system of the Orion nebula, they enable us to derive the reduc- 
tion from relative to absolute proper motion. For this purpose 
we make the following supposition: All stars belonging to the nebula 
have the same motion, independent of their magnitude and position. 
That internal motions in the nebula do exist was first shown by the 
interferometer measures of Buisson, Fabry, and Bourget,’ and their 
results have been confirmed by the spectroscopic work of Frost 
and Maney;? yet, as a first approximation, it may be accepted that 
the motion of the nebula as a whole is fairly well represented by the 
mean motion of a number of the stars, provided they are distributed 
around the Trapezium region with some approximation to uni- 
formity. ; 

Later we can investigate whether the motions at right angles 
to the line of sight reveal any internal motion in the different parts 
of the nebula. 

In order to derive the absolute motion of the system we must 
use stars whose proper motions are based on meridian-circle obser- 
vations. Asin Contribution No.167,1 shall try to reduce the relative 
motions derived from my measures to the system of Boss’s Pre- 
liminary General Catalogue. Only two stars listed in that catalogue, 
6, and 6,, appear on the plates; from other catalogues we might 
add one or two with more or less reliable motions; but even then the 
material would be hardly sufficient to derive the necessary cor- 
rections. I have therefore employed a roundabout method analo- 
gous to that described in the derivation of the proper motions of 

t Astrophysical Journal, 40, 241, 1914. 

2 Popular Astronomy, 23, 485, 1915. 
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the Pleiades. The stars used are those in Boss’s Catalogue between 
5 and 6? in right ascension and +-10° and —ro° in declination that 
seem to be connected with the nebulosity in Orion, which, as well 
known, extends considerably beyond the Huyghenian region. 
Adopting for these stars also the supposition stated above, we can 
compare their mean motion as derived from Boss’s Catalogue with 
that found from the plates. 

In order to find which Boss stars seem to be connected =H the 
nebula, Mr. Humason, of this Observatory, kindly took several 
plates for me with the ro-inch photographic refractor, the exposures 
being 15™ and 30™. I wish to express to him my sincere thanks for 
the trouble he took in securing the necessary photographs. 

For information given by longer exposures I have used the 
Franklin-Adams charts and those of Wolf-Palisa and also the 
reproduction of the region in question published in Volume XI 
of the Publications of the Lick Observatory; finally Mr. Barnard, 
who secured this last plate, has given me his valuable advice about 
certain other stars which seem to be involved in the nebulosity. 

From this materia] it seems probable that the following stars 
in Boss’s Catalogue.are connected with the nebula: 1262, 1301, 1303, 
1363, 1364, 1365, 1366, 1368, 1389, 1391, 1392, 1398, and possibly 
1339 and 1370. All these stars are of spectral type Oe or B, with 
the exception of 1368 and 1392, which are, respectively, F and A3; 
1392 has, moreover, in contrast with the other stars, a considerable 
proper motion. Both these stars were accordingly excluded. The 
mean motion of the remaining 12 stars from Boss’s Catalogue is 

= +0%0024, u“s= —0”%0018, which corrected, in accordance with 
the remark on page xxviii of that Catalogue, gives for the absolute 
motion p.=+0%0058, ms=—o"%0021. Excluding the doubtful 
stars, 1339 and 1370, the result is wa= +07%0061, ws=—ovoo1g. As 
the difference between the two values is negligible I have finally 
adopted as the absolute motion of the nebular system 


Ma=+07006 bs = —07002 
From my measures we find as the mean motion of the stars of 
the nebuous and central groups 
a= +0%002 ps= —O7001 
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Dividing these 45 stars into nine groups of five stars each according 
to magnitude, we find that ys is clearly a function of the magnitude, 
as may be seen from Table IV. The values for “. show no such 
systematic change; the correction from Ma rel, tO Me abs. WaS accord- 
ingly assumed to be constant and equal to +0004. If we accept 
the change of 4; with magnitude as due to a magnitude-error in the 
motions derived from the plates, a simple least square solution of 
the form ; 


Ms rel. ta+b mag. =p5 abs. = — 0/002 (2) 


applied to-the nine equations of condition derived from Table IV 
gives as the necessary correction to the observed values of us 


-++0%0273—0700230 m. 


The absolute motions in a and 6 thus derived are given in the last 
two columns of Table I. 


TABLE IV 

Mean Magnitude Mean np, Mean ys 
Gg ee ey eer aie +o%oor —07008 
Si Bite yea ters aor eyes +0 .003 —0O.014 
TOG hotiretetoaacyn 5 eka ©.000 —0.009 
EQS ats etal hams +o .006 0.000 
TB Olson stesve oie oly ©.000 +0,005 
13 oy See CA ee 0.000 ——OnOOS 
PAGO MA ee Nae ae +o.008 +o.o11 
TAR ALS eects ioaocs +o.0o1 0.001 
TA crates ecarewatuteneee =-07003 +o0.o010 


THE RESULTS 


The results for the four groups of stars become: 


1. Nebulous stars: Ma=+010052 + 0”0020 
bs= —0”0024 070024 
N=13 

2. Central stars: Ma=+070059 + 0/0013 
fs= —0%0021 +0”0010 
N= 32 
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3. Vartable stars: Ma=+070046 + 0/0009 
us=+07%0011 +o”o011 
Ns= 21 


4. Background stars: pa=+0%0029 
bs= —O70103 
N=O5 


As the background stars certainly do not form a group of stars 
having equal motions, a probable error for their mean motion would 
have no meaning. ‘The position angle of the mean motion of this 
group is 165°, exactly the same as that of the parallactic motion for 
this part of the sky. Toa great extent this is due to the influence 
of the largest. motions. Excluding the seven stars for which 
pu >o%o50, we have; ; 


Ka=+070035, bs= —00055, p=147°. 


The mean motions for the different magnitudes of the remaining 
88 stars are given in Table V. The last two columns show the 
parallactic motions, which were computed with the help of Kap- 
teyn’s formula, adopting for the solar motion 21.5 km/sec. and 
using Strémberg’s data for the position of the apex. The agree- | 
ment between the parallactic and the observed motions is as good 
as can be expected from the small number of stars included. 


TABLE V 
Limits of Magnitude | Magnitude He Mg n Ha par. #5 par. 
8.3 +o07016 —o%015 I +07%003 —ofor1os 
0.5 0.000 —0.013 6 +0.0025 | —o.0075 
10.6 +o.008 —o.008 10 +o0.0015 | —o.0055 
11.6 +0.007 —0.009 12 +o.001 —0.004 
12:5 +0 .003 —0.002 17 +0.001 —90,003 
13.6 +0.002 —0.003 15 +0.0005 | —o.0025 
14.4 +0.002 —0.004 27 +0.0005 | —o.o015 


Finally Table VI shows the distribution of total motion for 
the 95 background stars. 
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TABLE VI 
Limits of » n 
<o’o10 
OrfOLO0-O7O010) 1) ie ei el ee ee 
©.020-0.029 
© .030-0 .039 
©.040-0 .049 
° 
° 
° 
° 


wn 
° 


.050-0.059 
.060-0 .099 
. 100-0. 199 
. 200-0. 299 


eK NH AWW He RR ON 


The large number of stars having 4<o’oro shows that the 
correction from relative to absolute motion cannot be far from the 
truth. That this number is relatively higher than in the case of 
the Pleiades measures, where the probable error in the motion is 
the same, is undoubtedly due to the fact that the region discussed 
here is so near the apex of the solar motion (A= 26°) so that the 
motions at right angles to the line of sight must be small. That it 
is probably not caused by the inclusion of many stars which belong 
to the nebula will be shown below. 


CONCLUSIONS 


1. The agreement of the mean motion found for the nebulous 
and central stars is so close that we may accept practically all 
stars included in both groups as belonging to the system of the 
Orion nebula; the adopted motion of the nebula system (u.= 
+010057, Hs= —0”0021, p=110°) is of course practically the same 
as that of the 12 Boss stars mentioned on page g. Several values of 
the parallax of the nebula have been derived: Kapteyn' gives 
+o0%0054, W. H. Pickering? +0”%0005, Coeburgh? +07%0260, and 
Russell’ +0%00s0. For nine stars included in the nebula system 
by either Kapteyn or the writer, directly measured parallaxes have 
been published by Flint or by the Yale or Yerkes observatories. 
After applying the necessary systematic corrections, the weighted 

«Mt. Wilson Contr. No. 147, 1918. 

* Harvard College Observatory, Circular, 205, 1917. 

3 Hemel en Dampkring, 16, 105, 1918. 


4 Astronomical and Astrophysical Society of America, 1, 268, 1910. 
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mean absolute parallax is negative, viz., —o”’oo9. Accepting 
Kapteyn’s value, which is undoubtedly the most reliable, we find the 
resulting motion at right arigles to the line of sight to be 5 km/sec., 
while, in the line of sight, the nebula is receding with a velocity of 
16 km/sec." 

2. From the work of Buisson, Fabry, and Bourget, mentioned 
above, we know that there is some evidence that the nebula rotates 
about an axis NW-SE, the NE portion receding, the SW approach- 
ing. As their measures are confined to the region within 2’ from 
the Trapezium, I have investigated whether the stars measured 
within the same area show the effect of such a rotation. As most 
of the stars seen in the densest part are likely to be on this side of 
the nebula, they ought to show a preponderance of motion from SW 
toward NE. The mean motion in this direction (27 stars) was 
found to be 0o’0010+ 0”0012, while the mean motion at right angles 
is O”0000+0%0015. This small systematic motion is well within 
the limits of the probable error. 

3. The mean motion of the 21 variable stars of the third group 
is in fair agreement with that of the nebula, although the difference 
in ws is larger than might be expected from the probable errors. 
Excluding, however, the three stars, Bond 567, 589, and 675, whose 
variability, suspected by Parkhurst,? needs further confirmation, 
the mean motion is 4a= +07%0049, us = —0%0003; this value agrees 
so well with the motion of the nebulous and central stars that it may 
safely be accepted that most of these variables form a part of the 
system of the Orion nebula. 

4. For the background stars the change in the mean values of 
fa and ws with magnitude, which may be seen from Table V, and 
the fair agreement of these values with the parallactic motion, 
show that we have been successful in excluding from the. fourth 
group most of the stars which are connected with the nebulosity. 
As a further test I have constructed the diagrams in Fig. 1. The 
number of stars and the total motion were determined for sectors 
of 15°; then, to smooth the curves, overlapping means for three 
successive sectors were formed. In order to avoid the influence of 

Astrophysical Journal, 40, 253, 1914. 

2 Thid., 20, 137, 1904. 

433 


14 ADRIAAN VAN MAANEN 


the large proper motions, stars with »>o’o50 were excluded. The 
smaller diagram shows the results for the number of stars, the larger 
for the total motion in the different directions. If among the back- 
ground stars we have included a considerable number of nebula 
stars, we should find a preponderance of both numbers and motion 
in the direction of p=110°, in which the nebula is moving; .the 
fact that no such preponderance appears is another proof that only 
a few stars of the nebula system can have been included among the 
background stars. 


. N 


S Antapex 


Fic. 1 


5. The same diagram shows that neither the maximum fre- 
quency nor the maximum motion coincides with the direction of the 
parallactic motion. , To investigate whether this fact can be 
accounted for by stream-motion, I computed the direction of both 
streams, adopting as co-ordinates of the vertices:' 

StreamI, a= o1°, 6=—15° 
Stream II, | a=288°, --6=—64° 
*A.S. Eddington, Stellar Movements, 1914, p. 100. 
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We find for 
Stream IT, p=130°,) x= 13” 
Stream IIf p=191°, A= 108° 


The agreement of the maximum frequency. as well as that of the 
maximum motion, with Stream I is very remarkable when we take 
into account the small number of stars available (88), the more so as 
X, the distance from the vertex, is only 13°; the influence of 
Stream II, although not so strong, can also be plainly seen. 

More material for different parts of the sky will of course be 
necessary before we can conclude with any certainty that stars as - 
faint as the fourteenth and fifteenth magnitude show the stream- 
motion. 


Mount Witson SoLtar OBSERVATORY 
March 1919 


END OF VOL. VIII 


435 


Dime 
a 


Beat 
aval ore 
a) Way 


4 


INDEX TO VOLUME VIII 
Nos. 148 to 168 


AUTHORS 


ApAms, WALTER S., AND ALFRED H. Joy— 
The Motions in Space of Some Stars of High Radial Velocity 
The Orbits of Three Spectroscopic Binaries 


ApDAms, WALTER S., AND GUSTAF STROMBERG— 
The Orbit of the Spectroscopic Binary Boss 46 . 


CARTER, EDNA, AND ARTHUR S. KiInc— 
A Further Study of Metallic Spectra Produced in High Vacua 


ELLERMAN, FERDINAND. See Hale, George E. 


HALE, GEORGE E., FERDINAND ELLERMAN, SETH B. NICHOLSON, AND 
ALFRED H. Joy— 
The Magnetic Polarity of Sun-Spots 


HAte, GrorceE E., FREDERICK H. SEARES, ADRIAAN VAN MAANEN, AND 
FERDINAND ELLERMAN— 

The General Magnetic Field of the Sun: Apparent Variation of 

Field-Strength with Level in the Solar Atmosphere . ; 


Joy, AtFRED H. Sez Adams, Walter S., and Hale, George E. 


Kinc, ARTHUR S.— 
Discussion of Some Evidence on the Origin of Radiation in the 
Tube-Resistance Furnace OR are cS Orne 
The Variation with Temperature of the Electric Furnace Spectra 
of Calcium, Strontium, Barium, and Magnesium 


KING, Artuur S. See also Carter, Edna. 
NICHOLSON, SETH B. See Hale, George E. 


SEARES, FREDERICK H., AND HARLOW SHAPLEY— 
The Variation in Light and Color of RS Bodtis 


SEARES, FREDERICK H. See also Hale, George E. 
437 


PAGE 


347 
355 


51 


39t 


365 


341 


59 


271 


INDEX TO VOLUME VIII 


SHAPLEY, HARLOw— 

Studies Based on the Colors and Magnitudes in Stellar Clusters. 
Sixth Paper: On the Determination of the Distances of Globu- 
lar Clusters : , : : : : : : : : 
Seventh Paper: The Distances, Distribution in Space, and 
Dimensions of 69 Globular Clusters 
Eighth Paper: The Luminosities and Distances of 139 SOaphed 
Variables ; : 2 : 
Ninth Paper: three Notes on Cepheid Voriation 
Tenth Paper: A Critical Magnitude in the Sequence of Stellar 
Luminosities ; : : : 3 : : 
Eleyenth Paper: A Comparison of the Distances of Warious 
Celestial Objects 
Twelfth Paper: Remarks on fie Arraneenent se he Sidereal 
Universe 


SHAPLEY, HARLOW, AND MARTHA B. SHAPLEY— 

Studies Based on the Colors and Magnitudes in Stellar Clusters. 
Thirteenth Paper: The Galactic Planes in 41 Globular Clusters 
Fourteenth Paper: Further Remarks on the Structure of the 
Galactic System 


SHAPLEY, Hartow. See also Seares, Frederick H. 
SHAPLEY, MartHa B. See Shapley, Harlow 
STROMBERG, GustaF. See Adams, Walter S. 


VAN MAanen, ADRIAAN— 

Investigations on Proper Motion. 
First Paper: The Motions of 85 Stars in the Neighborhood 
of Atlas and Pleione 
Second Paper: The Motions a ee ites in ate Neighborhood 
of the Orion Nebula 

The Photographic Determination of Stellar Paraltaces math the 
60-Inch Reflector. Third Series . 


VAN MAANEN, ADRIAAN. See also Hale, George E. 


438 


PAGE 


81 


117 


145 
161 


179 


IQ 


209 


299 


397 


405 


421 


225 


SUBJECTS 


Barium, electric furnace spectra, variation with temperature, 59 

Binaries, spectroscopic, orbit of Boss 46, 51 

, orbits of Boss 593, W Ursae Majoris, and Z Herculis, 355 

Calcium, electric furnace spectra, variation with temperature, 59 

Cepheid variables, luminosities and distances, 145 

Cepheid variation, 161 

Clusters, globular, determination of distances, 81 

, distances, distribution in space, and dimensions, 117 

, galactic planes in, 299 

, Studies based on colors and magnitudes in, 81, 117, 145, 161, 179, 191, 
209, 209, 307 

Color of RS Bodtis, 271 

Colors and magnitudes in stellar clusters, 81, 117, 145, 161, 179, I9I, 209, 299, 

397 

Distances of various celestial objects, comparison, 191 

Electric furnace spectra of calcium, strontium, barium, and magnesium, 
variation with temperature, 59 

Furnace. See Electric furnace and Tube-resistance furnace 

Galactic planes in 41 globular clusters, 299 

Galactic system, structure, 307 

Globular clusters. See Clusters 

Light and color of RS Bodtis, 271 

Luminosities, stellar, critical magnitude, 179 

Magnesium, electric furnace spectra, variation with temperature, 59 

Magnetic field of sun, apparent variation of field-strength with level in solar 

atmosphere, 1 

Magnetic polarity of sun-spots, 365 

Magnitude, critical, in sequence of stellar luminosities, 179 

Magnitudes in stellar clusters, 81, 117, 145, 161, 179, 191, 209, 299, 307 

Parallaxes, photographic determination with 60-inch reflector, 235 

Polarity, magnetic, of sun-spots, 365 

Proper motion, investigations, 405, 421 

Proper motions of 85 stars in neighborhood of Atlas and Pleione, 405 

, of 162 stars in neighborhood of the Orion nebula, 421 

Radiation, evidence on origin in tube-resistance furnace, 341 

Sidereal universe. See Universe 

Space motions of stars of high radial velocity, 347 

Spectra, metallic, produced in high vacua, 391 


439 


INDEX TO VOLUME VIII 


Spectra of calcium, strontium, barium, and magnesium, obtained with electric 
furnace, variation with temperature, 59 
Spectroscopic binaries, orbits of Boss 593, W Ursae Majoris, and Z Herculis, 355 
Spectroscopic binary Boss 46, orbit, 51 
Stars, critical magnitude in sequence of stellar luminosities, 179 
Stars of high radial velocity, motions in space, 347 
Stellar clusters. See Clusters 
Stellar parallaxes. See Parallaxes 
Strontium, electric furnace spectra, variation with temperature, 59 
Sun, general magnetic field, 1 
Sun-spots, magnetic polarity, 365 
Tube-resistance furnace, origin of radiation in, 341 
Universe, sidereal, arrangement, 209 
Variable stars, Cepheid variation, 161 
——, luminosities and distances of 139 Cepheid variables, 145 
——, RS Bodtis, variation in light and color, 271 


440 


i222 FA Mere Son 


MOUNT WILSON OBSERVATORY CONTRIBUTION 


==! 

co Sy) INSLRT BOOK 
= = ‘MASTER CARD 
iz 2 <€ FACE UP_IN 
a S| FRONT SLOT 
2 4 OF S.R PU!CH 

| ~ === 5) 

ru Sad 

o 7 | 


UNIVERSITY OF ARIZ 
LIBRARY 


MASTER CARD 


GLOBE 901744-0 


ee 


etna ete DLT ee eer ee 
Yb AAT GR dow ON idneee all ants piiaye eho 
she ra We Meroe BAG Promtadt Haale eset oy 
Sel Pete IPR ter Mladen WeMvn ng Ge 44d 
sb apeeesia Wester afd sp) 
Late TAS EG $ 
Yeti aut grand ay ypte nak MS fente 83 (ay Bos Clic Al oA AEC AER HEHE ths 
TEND MR abide AY eR OM Se DU ads CAVE A Ar a.Te BRUTY me Modus Af Miche sihsaceem ie tanec eno eae at leek 
PAB IMA cA = aye ahsitlelhidleiss de dimen tclatah nie rasta oe 0 ha We aut gta lente a Mae MWe Boned gs@ 60 ofthe Ropar Mv 260 
MeN ee 6 92 KoA HB AI HAAN 9AM ae Ht ita paca ope eh hae ha e644 VN Ai 


ee ae PE SS EAS RS ASD Bee ae bes pe, 

Wehbe HOH We Aig ah ol Ne 
MOM AN de er pale Joie 
POW ease NM ADEE Fo th tm 


Haiseelihigh 
ihagaeate 


a tne ely) 
reer 


te eae 
Wai wty 
us 


Carer at ee 


BERS Jenin aaj devel gilinny BALM dee) a0 a) tdi doh ’ OL Peg 
MN Ta are eter My trots Maytals Joedops +h RC AINOGGON WteBGeAUA' RISA DIU nak) Hg watancih ae ib ip it Wma ttt abr 0 wea! B anys 4 ap 
Sai Med ACnesve deh ne ray cat gyi deg # mai M MW IherWedIME Ze” bide Fak je de wel s Ne LOD 

PPO HH ullotie Be bison iay gh osm-anbborie Wad i Be aM hah 
Prose Uth ted nite Raw aheerata ob v7. ho pourae it MUM iNfadel(tomt ole 6 noha 
S OS ares NEM EAE DM ob ky stan Wale felts SiWis vba WM meriWFasen a Mh (se lenere olenate tone ye Bre 
AGS ae eH NN eA NON Reve nn suanie sania eign’ wiainalRAion APIA micah tian thc rane Vor re a 
Paty IAN SKas~ MAE ve Mun bsrvadiien WE As Hed Meche HtAt INediph nvsunee -retedh tnstecy 


fi wihcare ah ntte Aiavt bose A ativagt? eo 
aie a eats stration ollsecUnn baby ego Need ad td o'r, Paehidiaaivergni dn era Va Le TAR hot ore Coa eel a pane 
Me Ste peat odfistseligchinienirs arstemAinrea(e Mutat tiynee\ sli sdiend dmv > pies pr seconuee Ae BUPA ANE tte fr Cpasb otf oth anu dette 
eames hatte lh mehettla’ade t ahetrrit MMe favre 4ebuar Rehnaa una aabpunectene ae Wasser, minded ae 4 jae 
Hyde AIM AW nin wie Ee dra er at4e sat testa uveiturd ns Oli biredenaitane hed v2 spn Lataaiue bare Ghabdigagauglicne it yehanien yeoe d 

inlet AYES vihrod eravtnn CCIE DMEM shld rid Nahe oF Salnaee SUPA Andioate coed LM ae Goa le ie A eed 


eee fe 
PAST ROUEN ora) 
Hel AA geoM8 dN ee op ile) 
12d alive Geil Se Ay he shee 


eddies TSP ACL. prattsteanie 

rye ads oe rd E i Pec warlegen ubAvaidy pages NF 
CRON Ee MEE Cea eslemar eh prin aoa rR MAY ON Noni Ah HURL reed bucaciee dt reer sere meh Leo aL eae eee ate ; 

Re teeta me Sm cots aesorea a Htcat abe te DN UP aTAI Te sir 20 Doan ted RM Liaae de Kose ee A ie ciceotete oe Te a a Ee eg ioe 
NR EEA Yuden Heme ax NAT I rata oes MlNSdire Abii ALieb dd prt adeeb BUA peg al teed 


Pa ah 4 hat 


MaN A 200 5eF 


REO NE pd 


BEE eB a EU AND bn ok De Hyd MC A Solr dve 20 Pt 


Ae ahah yoy ah phpaeitestibe Reach) 


i; ee FAN iM ky phe 


argh amet Birra ees UPON ALS whe db aie fT ttee bine dit Ariat TM tet an Wome gasn goesvest pode 
Anamiieaa Weanea eaten werent oT N PAD Ene atelfyl etre ecelivor del foaedden st 


Apsirs leh Laiy NAvetoldin enchue ene mearetendl ahh ane cai i 


fab ate A} cited at 


SAM b FoR AIT Mido idy, phe S 
BTS vara elaal snP orade ata 


In tk hiat hee dN Tar Dn i oe ty TR aN SoA aR 

xPEAIONEAMD eink Aan Ae adh-rad75 Sedo NEA tepus hiehoter pat ds ie ieate bears ante teoad Ws We aL Rea PAM MMU CE MAG Ey Poke st yh Se istech 
MN mir LeP OB bee LOM Me ASA EP Vlanaberidy ahd we Al habone heen AM neal tate Wake db) alts Pree eGR d VE wide sis matte Neldeitttid Ene PAY uanedd hiron ie my fe wie 

rp cga a tue atoms one ueay ene SEN wth ee far UNS a Phases shevmeateih Cue fede ae wad tieh inecan ta Meat ob stgh 

be MRE rll ls estates E9-bs tia idee MLAS ToAV WY weMWIvad uae eS a eee 


Cm Pelosi did Ves MLAB ob a she 
DSA AEE IND Mit da Gc Dds oh phd Nolan pha atv ee N PO ahha sshd ee onli asripsn Avie baw ieee 
RANA NGac! DRM MCB REM Mal denitiateierenieny wide bobitl pains 
Riese on as heh niverninie: Mets velrgit Neda y sladiba esto Srvanite Goble Miao ce sok 
A = )ire icltgntisl ai ola chine Fetes, he owueeinooce Nsiteo hors | 62 bveta bel ih amid euvatmilpa) aA bnoe Ss DYikarel ade jhe es 
Fs Ra@etiishs Sine aye Pan RDS AUD vty we Pup Uitelfmerrirreatram heim ooo he ioe Ahaha 
ba miuess arn sits ti dabsig big eaves a ih woke ROR Fie ae 
farhoott stornere ta vapoeh phicn TAC ee ee evi 
Mpgaenanin oP Fao sities tae wege edn HAG eI ER viene 
SOME ahi doy 40h os as We aw fungi te, heh hopee A 
Beke=Np uw Ahagets hurse AYE pal ableor a ion inroads Coded 
Bb wisp wales «he + 
RAAT Ye Bin whee mardte EE pW can ped! * TSE Movs aaPSE sake kA 
SEDER Meth 2oseohh seAManiatat emilinte yur Mabe) (bon wabase REsacn o 
len odeesratretnnns Sta Fen Pedibgs a ANCiawu tet SekB own che Relat Mets Her y altirse ab 
bape yahed Abie an « Bdrecicames- Duin tok 2M iNav uate sir waise ee Rett pipers tert 
Eis toc spazeemiaiecunnn pei ant bee f Dus nah 
Hien Poa WL hate Eoesek yesh cht Dae ae a Nae tesa 
Se MD she eltchelln Bee ih KDE Ve Met Kasim Leeder wun a oedeon ara 
Wi 98) rateek og a) Ach alin Seal Bissir senda die Subreirlin Mile hes gta a See 9s Fe nig ee 
ORY Sapa ter NOR HOME we Bb ee Ws Taha dob 
ne E ANI 7 Ros Vell Dy gsr Po pe 
ribvigee Singha! eM ie a AN 
Mus langarisibaeds With ula oto Heo od a 
akan Ads Wurkitletaurnlir es dx tucuvoeuh 
Refeute GB ees dase pd ROL pues hy BOD 
fa aap itiewte 
HAL 21 


oF jte eet RAP ote Ah Gt 
piiibetscreted yee teysdkerr 
MAAS sats Bing uslEd mse bcityde/ Ae w tue Lad Ah ce yd DR velo 
eg Nance I end dive 580 fie © 


inde At be Froanslon 
leon sand 


Pe Heb grellaany Wear 
MUnvee 7alpie aac 


AO teen atie 
Nat ial tavrago>: Hai 


st ere iat es 
Bele yrs altitacte 


Tost wn eka hale ell Pathe foo 


OS decane 9tcab ke 
A Riles at ehcek boc fos 


AV epatie Votiuady be serpao aypuate ptaeer Bromo ds De Rh oy Beaver ony 
nieamilon mtu tie D-4yaghnaf de soe a : Ties Rev bO9 PRM LIE edn yy, inilaathtteng ac pec oot oy = 
PY SOT PRET ee Nee ae seed ppc! ot Roe Peis ea as Sens fata vanes ate 
Rei bies a eMe ei dgche sas «teem On GN Mb Te eee 
STREET EE RR Cd ay) 


MIS Mate ar Lok atthe 
Sy Barbee sa iniiy, be Irae 
ates 
AIM niet whic Patsarol 
SMAI Se eared dull pre 
baer yen to ne eae 


eigen Akgtiteoi a 
hearth Boda Fa 4 Dek 

APB WS eathtencens ee bales 
Behl teNev ay etapa eo) 


Thbaee oes bee ensas 
Bing eect creat eh ft> PS 7 a 

Beerent ct 
ninilScansn Seam 
= Stunna yarn 
aR Miya sates 
a ew 
eget a 


NT etree 


Wassisee 


Ai 


DeteNescuse seh 
TDs Beil oLe iby mn ZED ta aes 
elem hAriveran te. Sue AR Alan 

WAN FV Ans plans Go siee Grasse harictae 32 


alee hese 
Fractals beat re 
rDivedes sander 
225 

& 


SAP SS hs dS tisfe 
Fee ii fae ME Maa 
Fett FeetsBnbnn oe ae aay 

LR eae IIO TG) 35.0 Ns eRe 
=f Dn ite BRI Mp sexe oh PA 


eeteenrin care: 
DAA baa te 


Rags oo on 
5s FLAT TSaNIID fae 
Sige ch 

such Farcaynd tne 
aus 

793 wineranesioe 
BPD phe? ly Bods he 

eter 


NIWA nism FoF a PB¥C 


Dabok 
ete rls Spat 3 
AiR SA AAP NESH se 


nee eed Pt scaehe! 


Merasaeeeu: » 
GaN SBCA Sis, 


eA Sloe a cupeyd Peres 
FoAereee Nes K bacreoees 


Bet BSS ah 
Daan 
ss 


Soe eth 


Pane Mer ps taf 
7 its ry sccy 
Fa Gv 3 site VA, 


Ba SRA iy ON PLk Se ta AO 
Peraeterno tava aire tRen ees sre ata 
BR SKS PEM Dek) au seer 
FP Whoa ennss, cas piae 

Ah 


Shik A tae = 
presets 


Passat ts 
WPS Yeas) Sp 
Bevery 
gooey 

RVs eed fae eh 
TS? 5 


Aa Neds si eH fay te 
PEPSI 29 HT ea 
Asn oe 

Een ell 
2 yr racer 


ay iP aaveh AS 
saying EN Ae 

Nira eS ore Soba bLS se ue 
Leethie arte ebayer oly & eis 
Staci autem ae j 


rE 
mracrlate 
SY eens 
avers Fs 
ists 


Diesculenss 
Saas 


Ts a ne ieee 


ee sare 
Pye Oh ho 


Miyano erat, 
patora® sey nha 
SRE vc 


Bares 

us byrntinini Sayge 

Pra NeN hat7S 

TWinthetnedtone, eerenteans 
SSIS RENO ONT py cae Ses 
Pat to EPS EAT A Pires wes 


Peet re sat 
2 aperEN cays 72 Path eos 
PNT Fao Nate red Opts ry Vung eons a em EA 
Bee NS ead Mea ay oocyte ie siNed a sem een uRe HIG 
aPiger bucare sine Sopeeeye Nizcisesotqoanamna eee 


chaiw=i fe vse 
AAT 


oleae tl SRIAAL SA ERP Sy Whe ucion rene tg aoe tae 
Si eta Sie PWNS NAG AORN Ret ay cd OaIN IO AGREE 
Pp es aRes 3055 i ‘ S 


5 tethers rpecul ba 
tsa Marat pase SRE et Senn 

Eee SYST GWy Eps ar eekey ceuat ea taeal 
EES oF Py =H eerasnmecce Seu ty aL eee 
AES MO ISS AA a>: 

a Pe om a HS} 

Novis Fanta nysinyea Sipe Sadana soe 

hana EN oe 


NER 


PAM as ey 
Marsan 
SIRT D HORI Wee uy NE 


Bee aarp aroha 
SUR ai Fe sor yn Nhe Fea 
SPER ie eases AP, 
sestiyeeuaeterae 
PERS ASSESS 
Bera neeee Meter, ony 
Lae Serhcieay Turis kerry key Sony MsmanS 
PRADESH Nant niga prone sateen y tots Mote 
TPR Hyde ete Pe ie BIUORIMNC gn 
Hite oitar entre Socinesesipaticet Fae Beier 
AA RRL ramet Fougaan 
SAS DUN TE ME Dey DES Tekan 


aaa 


SON Insite Par 


WAST. 


ARGS v39-e 


arcana an 


ASRS 9 


> at si hint tod op Tee ees a CS ORONO 
PVPS PASI ES SHINS an LEA favoavay AUCIUENT BUENAS RHE ns. ote 
Sarin Be dnp MEO BWAMES pO SVR MSEN 6 eas wen 
i MES MDE TEC eS eh BRAG Ie =F FGI hy St 
Poe a NPR NE TS MLD sce naval amimtigna tis cetera 
SUMP Srp ENR AURe eae meen ity teak a 
FS Fane Nea ei eB AS OAS ned fomenra yee 
SREY BNR sn nents, 21s yonm coyru rok 
Take AMEE aP Enda usn\vewoenr(aan eect eae oe 
MU SERTUGI AMR ea vey sib Tamir hON Theos 
ants Fic Sshy has SE URW Weds Ae ORRY Sy WhooA qe on he 
pu eH Ctinct Aus 
ae es BH OG NOSE ARG SHIN eccent eA Soo tral oh ty) 
fs orien Ay yn SUE TRAM amvai henry habia: eonbianet Reta 
Rison mented een La aaa Cee TER NM cirior aS Hare 
Jaa R eRe maak entails brant ana Poa cape mea 


AY Soe oy 
TRE YR casae rein vezinns tony 
Sh RT MSA HSS SAY Auney 
17 Ere iinomte + 


mr, 


Rag nceomae ny 
ab AP td 
WERT AAy Ni nf 


er WUE Y Hey ETE 
NSAP IAS, yer fous eprems yom ne 
at Aes nrc ieee Cah See 
SpA ys wes Whaah UA opaup sot 
Ge ssvowieuen Seon bin 
Ure GisTeNt Duce 
MckeMian EAGHian ey cany Strom 
SA WAV Wr gw ornty mine erate -¥onse se 
mee 
Shenuicseyseseh deys 
gare he eels aaees WALA UNNGTOWRIN oe At eek 
SyPE SEAN Che ONataeiuceaicineenes ares cae ecta 


Veer uo Dh eat eter AS EE BAW NB pra Shc 
NEC a Merk 


STEN 


So 


So apes maireauaty parson CURT pa 
Pe OI NaN R ALU: ONG Upc NTE eS nage a ait 
2 SHRM Aisin Ath FAC ee ns SiNésbek 
“ ; USiTece cone 

ree UU er eh ene scious 
Sap as L2G ‘y LPMEN IN ord 2 nay, 
Sieh sO es Pac asians 
=P fata raion 


ft 
PS ASA Vel igh 
SEPA on yest 

Naa ywrer ny 


slip ye 


Die 


EAM ONE aye 


surimaMelaopmtubare ewer! 
Par aN Me KET Ng ue SI 
Pie nayusperead Monautrgn ne 


“ NA FEW EEA eke 
UNE VNTR ae Fz LI rane 


ea HABA a 


i 


= SAP RED Wisp ime ie oi iae wpe = 
; bata WEN AMURILe ONIN Boni RIe ar Keyan Witenes Gila wr th TV extareca ine y ste: e: orhty eg th Set 
oe Sree atic SMibusirytas yur mesure nerune ty Sat SaeaR oh PAM ous SSH 3 $ ANE AY RANA eB othe 
BONES STE TAN Me Ss fares MReneLenib gS mipeahg SIw, satan? AENEAN vod tat © SIAM urea a 
ry Cae Sree nd yruntily vy serps fates ee nas fea % if 
MAS Peal eNv $44 99) M9 ah 9p Cay Risa PRI + 


SNS GREP Mem wala L= ANG Hf Foov yt HS A 
MUR WWE Matty 
as oN eases Wee chp bey ae A 
Piste ar Sasale Pea Aa EA Ae 644k) AS ANS 
sedlsvon Ata Ue Sama Us tamsiev mbar 4 


FNRI Ws sie este 

8 Piayy BORGO lanegpatarnse gmc e 
WACO RAEN yar is: 2 feat bok} 
ees rely SANE: e MEU unoanteaacnyavaus 


HUAWEI AS jain Se ory e 
dps ef giyge 7 tara 
ate 


Me hts LAP Haag 
TWeN BGR YS Us MLR 
oe vere 


4 Aoi ae ate DEERE RCS 
BAUS RUAD Hh a ar 


Wilews 7 reps ea 
ea rere iets 


Woe Ww aysurtonae 


Si easorni 
= 
iy urss 


Ce ares 


PPNTEAtt athe Woamcad ess 
V NEWMHEM NTA KSC oust ee SALAS 
eee i oe toe erie ayes 
sian SMe Sabet ORES as rah Bart ers 
fee USAR TMS Rance gees 
ive Mite Ap Saeen Nees has 
Ratan ‘ ate 
AYER rp 
CVE AM ANCA 
EK SS 


Pet an 


BUEN oaArssen 
Argh ev 


SW AUS Send bos Lites Nae 
*Kscvangy Vase Lip 
cH ed Maths. by 
Cae ata ie RON PoIRaen aaa 
Shu Tae SPER iste ee Seok 
LAVAL SS oi ngs Chae ales 
UNSUNG tages PRIOLS WeQ I as ok 
NOH MP UNA SICNLC wo) Ere eset 
NGC EHR) oe M aT TaN We 
lat SYA Cae NOW 
BURGH MAREN EA INR. GALL i 
Aa TE SEVEN TAS ay 
VAN Bach ate) 


sess bi 
SAAN ey 


a 
SSN 


Peasant! 
Duh ie ae § 


Heras : at 
bap aelead : ean nf 
SDE hy Weniant paca 
Sans rotettuautaatiasene ers 
S her 


tt 
San in oaarni 

Web N “ sat 
I Aosssao 


bo oes TIGR Tin toners 
A yViiceany panting 


GNM E NG ya 


RED mee Gsy ELS UF. 
Vie septs ye 


PBPL AS yi5y AL Oe 
‘ 9 AME VRS ese} 
stags ry ONE WAU Ne Me BSA AZTAY ssh Wau mages 
. CS RU4 Ge quueey WE Se Gk k 


eek a 

Nt RUS NE (Reet REe pes TRY cae, fated pass a 

SAGE ie pene : povavtie qa wadualyey out 
TREE Cue auE ni : ee ge 
vers nee ae HAW ASDA MLA LagUND rts ae Mant as 
he Sali ions ria anes ANN LOTUS RMA PENS 
Neuse REERORG teeny ends 

oa 


v an WI VERN Lo OF, 
aN Sy si Peete tant 
PY VeW it Melina TUM a varie eye @ 


a TN 
Cun 


Pnteaie 
Ree Mt 


TEASNE OW Nyt ka ay 
BEET Fae Ber abet oats 


